








METHIONINE STUDIES 
IV. A COLOR REACTION OF METHIONINE* 


By JOSEPH J. KOLB ann GERRIT TOENNIES 
(From the Lankenau Hospital Research Institute, Philadelphia) 


(Received for publication, July 29, 1939) 


Upon dissolving the copper salt of methionine in hydrochloric 
acid, we have discovered that combination of methionine and 
cupric chloride in concentrated hydrochloric acid produces in- 
stantaneously a color which in appearance is very similar to that 
of iodine-iodide solutions, varying from a deep brown to a pale 
yellow, according to concentration. This reaction was not ob- 
tained with twenty other natural amino acids, including cysteine 
and cystine, nor with the methionine derivatives homocysteine 
thiolactone and methionine sulfoxide. A definite, but weak color 
was obtained with methyl-S-cysteine. Benzyl-S-cysteine and 
ethyl-S-cysteine gave a faint color, while the reaction of djenkolic 
acid is almost negative, and that of carboxymethyl-S-cysteine and 
phenyl-S-cysteine is entirely negative. Other sulfur compounds 
that were found negative are n-butyl sulfide, thiourea, methyl- 
and benzylisothiourea, thioacetanilide, thiophene, phenyl sulfide, 
benzyl sulfide, and thiamine. On the other hand, of equal in- 
tensity (as far as is detectable by test-tube experiments) to the re- 
action of methionine is that of homomethionine, hexomethionine, 
ethionine, and homodjenkolic acid. The fact that a positive, 
although comparatively weak, reaction is shown by ethylthiogly- 
colic acid indicates that the amino acid structure is not essential 
for the reaction. The available evidence leads to the conclusion 
that the reaction is one of organic sulfide sulfur, the adjoining 
groups of which satisfy certain conditions. All compounds which 


* Aided by a grant from the Blanche and Frank Wolf Foundation, Inc. 
Presented before the Division of Biological Chemistry at the meeting 
of the American Chemical Society at Boston, September, 1939. 
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gave the reaction in its full intensity have the grouping —CH,— 
CH,—S—CH,— in common (methionine, ethionine, homometh- 
ionine, hexomethionine, homodjenkolic acid). However, the 
cases of ethyl-S-cysteine and ethylthioglycolic acid show that the 
chromogenic value of this structure is not independent of the 
nature of the attached groups. Solubility in water is also essential, 
for butyl sulfide fails to give the reaction although it contains the 
—CH,—CH,—S—CH:— grouping. When this grouping is 
shortened to —-CH,—S—CH,— (methylcysteine), the intensity 
of the reaction is greatly lowered and the impeding influence of 
substituents is increased (djenkolic acid, benzyl- and carboxy- 


TABLE I 
Intensity of Color Reactions and Structure 


R=HOOC—CH(NH;)— 


R—CH,—S—CH;, methyl-S-cyst- R—CH:—CH:—S—CH;, methio- 
eine, weak nine, strong 
R—CH,;—S—CH:—C,H;, benzyl- 
S-cysteine, faint 
R—CH;—S—CH;—CH,;, ethyl-S- R—CH, —CH:—S—CH:—CH,;, ethi- 


cysteine, faint onine, strong 
(R—CH,—S—):CH:, djenkolic (R—CH:—CH:—S—):CH:2, homo- 
acid, very faint djenkolic acid, strong 
R—CH;—S—CH,—COOH, car- R—CH:;—CH:—CH:—S—CH,;, ho- 
boxymethyleysteine, negative momethionine, strong 
R—CH;—S—C,Hs, phenyl-S-cyst- R—CH,—CH:—CH,;—CH;—S— 
eine, negative CHs;, hexomethionine, strong 


HOOC—CH,—S—CH:;—CH,, ethyl- 
thioglycolic acid, weak 


methyleysteine). An apparent anomaly under this interpretation 
is the difference in the behavior of R’—CH,;,—CH,—S—CH,;—R” 
as represented, on the one hand, by methionine, homo- and hexo- 
methionine (R’’ = H), and homodjenkolic acid (R’’ = S (CHz).— 
CH(NH:)—COOH) and, on the other hand, by ethyl-S-cysteine 
and ethylthioglycolic acid where R’ = H and R” = CH(NH:2)— 
COOH and COOH respectively. Table I gives a condensed re- 
view of the observations on the relations between intensity of 
reaction and structure. From a practical standpoint the essential 
finding is that, among the natural amino acids, methionine is the 
only one that gives a definite response to the cupric chloride- 

















J. J. Kolb and G. Toennies 403 


hydrochloric acid reagent. Other compounds that, like those 
already mentioned, neither produce a color nor prevent a positive 
response of methionine, are carbohydrates (exemplified by glucose, 
sucrose, and starch) and alkaloids (brucine, cinchonidine, and 
quinine). In contrast with the completely negative reaction of 
these compounds is the distinct positive response, presumably 
due to methionine groups, of various proteins that have been 
tested. 

Colorimetric experiments made to establish the nature of the 
colored compound have led to the tentative conclusion that it is 
a combination of 1 molecule of the sulfide with 1 molecule of cupric 
chloride. An attempt was made to compare with each other differ- 
ent solutions of constant methionine (0.04 m) and HCl (about 
11.5 mM) concentration containing various amounts of CuCl 
(0.004, 0.008, 0.016, 0.032, 0.040, 0.048, 0.080 m). The precision 
of these measurements is low, owing to the difficulties attendant 
upon the use of concentrated hydrochloric solutions in an ordinary 
colorimeter. Up to the copper concentration of 0.032 m no differ- 
ence in the quality of the bright orange colors was noted and 
matching to equal intensity was possible. With higher amounts 
of copper, where the ratio of CuCl, to methionine is 1 and above, 
the admixture of the olive-green cupric chloride color was increas- 
ingly evident. The comparisons carried out among the four solu- 
tions of lower copper concentrations gave the following results. 
If the value of 1 is assigned to the color produced in the presence 
of 0.004 m CuClh, the average measured intensities were 2.1 with 
0.008 m CuCl, 4.0 + 0.2 with 0.016 m, and 7.1 + 0.4 with 0.032 
M. These determinations are consistent with an equilibrium 
reaction 


Methionine-HCl + CuCl, = methionine-HCl-CuCl, 


With low CuCl, to methionine ratios, CuCl, disappears practically 
completely and color proportionality prevails. As the ratio 
reaches 0.8, incomplete combination of CuCl, reveals itself by 
deviation from proportionality and, with higher ratios, by the 
visible presence of cupric chloride color. 

Supporting evidence for the component ratio 1:1 was obtained 
by isolation experiments. Three hydrochloric acid solutions, 
2 mm dl-methionine and 2 mm cupric chloride (A), 2 mm dl- 
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methionine and 4 mm cupric chloride (B), and 2 mm cupric chloride 
alone (C), were evaporated to constant weight in vacuo over satu- 
rated sodium hydroxide solution, with the following results. 


Calculated Found 
mg. mg. 
Methionine-HCl-CuCly................. 640 644 (Residue A) 
Methionine-HCl-CuCl, + CuCl,-2H,0.. 981 063 ( “  B) 
i at a eT 341 u3( “ C) 


The Residues A and B were deep brown, partly crystalline masses, 
while Residue C consisted of pale green needles. Each residue 
was dissolved in warm acetone. This required about 150 ce. for 
Residues A and B, and 50 cc. for Residue C. On addition of 
approximately equal volumes of anhydrous ether the solution of 
Residue C remained clear, while precipitates were formed in 
Residues A and B. These precipitates resemble flocculated ferric 
hydroxide at first, but soon form a sticky deposit on the glass walls. 
The supernatant liquid was decanted, and the residues were 
washed with anhydrous ether and then dissolved in water to a 
volume of 25 cc. Copper was determined in 2 cc. samples in 
about 30 cc. of solution, containing 10 mm HClO; and 4 mm 
KI, by thiosulfate (0.025 N) titration with the aid of potassium 
thiocyanate (2). On other aliquots nitrogen was determined by 
the micro-Kjeldahl method, and chloride by Volhard titration. 
The validity of the methods was ascertained on a similar solution 
containing known, equimolar amounts of methionine, HCl, and 
CuClk. Results obtained on the precipitates are shown in Table 
II. For a 1:1 addition compound of methionine hydrochloride 
and cupric chloride the nitrogen to copper ratio would be 1 and 
the chloride to copper ratio 3. The results are in conformity with 
this rather than any other simple combining ratio. The devia- 
tions of the actual from the theoretical values may largely be 
attributed to the syrupy nature of the precipitates, which pre- 
vents removal of occluded contaminants. 


1 While iodometric copper determination in the presence of other amino 
acids offers no difficulties (cf. (1)), in the case of methionine, when hydro- 
chloric or sulfuric acid was used for acidification, the end-point was found 
to be obscured by a reddish brown color. Tests showed that this color 
was not due to iodine; its cause has not been elucidated. It has been 
found, however, that by using perchloric acid this interference is minimized 
considerably. 
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As would be expected, in accordance with the equilibrium re- 
action mentioned, gradual replacement of hydrogen chloride by 
water in the methionine-cupric chloride-hydrochloric acid system 
causes a gradual loss of color owing to decreasing concentration 
of cupric chloride molecules through ionization. Replacement of 
one-fifth of the concentrated hydrochloric acid medium by water 
results in a definite decrease in color intensity, and with four- 
fifths of water the presence of methionine (0.025 m) in a 0.05 m 
CuCl, solution causes a barely perceptible change from the green- 
ish blue of the control solution. 

Addition of hydrogen peroxide (e.g., 1 drop of 10 m H,O, to 5 ce. 
of 0.05 m methionine and 0.05 m CuCl, in concentrated hydro- 
chloric acid) causes instantaneous discharge of the brown color, 
obviously through conversion of methionine to the sulfoxide. This 
behavior can be useful as a confirmation of the positive test in cases 


TaB.e II 
Analysis of Methionine-Cupric Chloride Precipitates 








| Precipitate A Precipitate B 
Nitrogen, m.eqg. per 25 cc............ 1.36 1.27 
Copper, m.eq. per 25 cc............. 1.05 1.33 
Chloride, m.eq. per 25 ec............ 3.22 3.56 
Nitrogen to copper ratio........... 1.3 1.0 
Chloride “ - A ee 3.1 2.7 











in which a pseudopositive reaction may have been caused by 
bromide or iodide. 

The sensitivity of the test is of a relatively low order. This is 
due to the unavoidable interference with the color by the reagent 
itself. If employed in high concentrations, its rich olive-green 
obscures the iodine-like color of the reaction product unless the 
concentration of the latter is also high. At higher dilutions (with 
concentrated hydrochloric acid) of the reagent (0.01 m and below) 
the olive-green changes toward yellow shades which are poorly 
differentiated from the reaction color. There is a barely dis- 
tinguishable difference between two 1 cc. portions of 0.1 m CuCl, 
in concentrated hydrochloric acid, one of which contains 0.001 
mM methionine, while with 0.01 mm methionine a very distinct 
golden yellow color results. For qualitative purposes the test is 
best applied as follows: Spread a few minute particles of the sub- 
stance to be tested on the walls of a test-tube. Introduce 1 or 
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2 drops of a 0.1 m CuCl, solution in concentrated hydrochloric 
acid and cause this to make slow contact with the solid particles. 
At the moment of contact with methionine and the above closely 
related compounds, an intense brown color results which is soon 
dispersed by the process of dissolution. However, the color of 
the compound in a homogenous solution shows no evidence of 
instability over periods of weeks. 

The possibility that the chromophoric chlorides of iron, cobalt, 
and nickel might show reactions analogous to those of cupric 
chloride was tested; however, no visible evidence for a similar 
behavior was obtained. Nor, on the other hand, did cupric chlo- 
ride solutions in concentrated sulfuric, perchloric, or acetic acid 
produce any color with methionine. 

As to the nature of this type of compound, no precedent of 
closely related cupric chloride combinations has been found in the 
literature. A 1:1 compound between ethylene-bis-thioglycolic 
acid and cupric chloride which, however, is of light green color, 
has been mentioned by Tiberg (3). Ray and his associates (4) 
have made a broad study of combinations of sulfonium salts 
and sulfides with metal halides, but copper does not seem to have 
been included. Rady was led to consider the tendency of sulfides 
to form sulfonium ions as the probable underlying principle for 
the formation of metal salt combinations. He exemplified this 
conception by his antimony compounds of alky] sulfides SbCl, - R2S. 
The fact that on treatment with water these compounds yield 
antimonous sulfide indicated to him the sulfonium structure 
(R2SSbCl,)+Cl- with its direct linkage between sulfur and anti- 
mony. Analogy would suggest for our compounds a structure 


fie . 


R—S 
\cu, 


Cl- 


Although formation of copper sulfide, which from analogy with 
R&y’s antimony compounds might be expected, was not observed, 
this does not necessarily refute the suggested structure, because 
even in the antimony compounds the sulfide formation was not 
quantitative and because the relative binding energies in the two 
groups of compounds may well be different. 
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It is a pleasure to acknowledge the courtesy of Professors Erwin 
Brand, Hans T. Clarke, and Vincent du Vigneaud in making 
available to us samples of methyl-, carboxymethyl-, ethyl-, 
phenyl-, and benzyl-S-cysteine, and of homomethionine, hexo- 
methionine, ethionine, djenkolic acid, and homodjenkolic acid. 


SUMMARY 


With solutions of cupric chloride in concentrated hydrochloric 
acid methionine and certain closely related substances form a 
compound of deep orange-brown color. The methionine com- 
pound is stable in concentrated hydrochloric acid and, according 
to analytical evidence, represents a combination of 1 molecule of 
methionine hydrochloride with 1 molecule of cupric chloride. 
Among the commonly known amino acids methionine is the only 
one that gives this reaction. 
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THE VITAMIN E ACTIVITY OF a-TOCOQUINONE* 


By OLIVER H. EMERSON, GLADYS A. EMERSON, anp 
HERBERT M. EVANS 


(From the Institute of Experimental Biology, University of California, 
Berkeley) 


(Received for publication, September 14, 1939) 


Some doubt remains about the ability of a-tocoquinone to 
function as vitamin E. Olcott (1) originally heated a vitamin E 
concentrate with methyl alcoholic silver nitrate, and observed 
the disappearance of the characteristic absorption band at 2940 A. 
without marked impairment of vitamin activity, and Evans, 
Emerson, and Emerson (2) made the same observation with pure 
a-tocopherol. Karrer, Salomon, and Fritzsche (3) reported their 
silver nitrate oxidation product to be inactive in doses of 20 mg. 
They described their product as being obtained by the exhaustive 
oxidation of a-tocopherol with silver nitrate and containing no 
active hydrogen according tothe Zerewitinoff test. Their prod- 
uct probably contained little if any a-tocoquinone, since John, 
Dietzel, and Emte (4) have shown that a-tocoquinone, whose 
structure they have proved to be 


CH; = : CHs 
0 | 
cHZ SY — CH(CH,), CH(CH;), CH—CH, 


CH, 
@\@\ £4 
oO CH, 


CHs 


* Aided by grants from the Research Board and the Department of 
Agriculture of the University of California, from Merck and Company, 
Inc., and from the Rockefeller Foundation. Assistance was rendered by 
the Works Progress Administration, Official Project No. 665-08-3-30, 
Unit A5. The following materials were generously contributed: brewers’ 
yeast by The Vitamin Food Company, New York, cod liver oil by E. R. 
Squibb and Sons, wheat by General Mills, Inc., and a-tocopherol allophan- 
ate by Merck and Company, Inc. 
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is readily oxidized by alcoholic silver nitrate to a deep red com- 
pound which Smith, Irwin, and Ungnade (5) showed to be an or- 
thoquinone. 

Since Dr. John wrote to us that his preparation of a-toco- 
quinone had been found to be biologically inactive, we have re- 
peated the feeding of a-tocoquinone. Preparation I was obtained 
by oxidizing 96 mg. of natural a-tocopherol with 500 mg. of ferric 
chloride in 5 ec. of methanol for 90 minutes at room tempera- 
ture; the reaction mixture was then diluted with water and ex- 
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tracted with ether, and the quinone purified by distillation in a 
simple molecular still at 120°. A specimen of this product was 
kindly examined spectroscopically by Dr. G. O. Burr and Dr. 
Elmer Miller of the University of Minnesota, who found no sign 
of the tocopherol band at 2900 to 3000 A. there being in this 
region only general absorption, E}’%,, being 12 to 13, with rapidly 
increasing absorption beyond 2800 A. (Fig. 1). Preparation II 
was made likewise. It was not examined spectroscopically, but 
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gave no color with Folin and Ciocalteu’s phenol reagent, which 
can be used as a sensitive test for a-tocopherol.! The two prepa- 
rations were assayed with young vitamin E-low female rats of 
proved sterility (Table I). 

In apparent contradiction to this observed potency of a-toco- 
quinone lies the observation, originally made by Waddell and 
Steenbock (6), that iron chloride can be employed to destroy 
vitamin E in diets. It would appear that in the procedures last 
mentioned the oxidative processes have progressed beyond the 
conversion of tocopherols to tocoquinones. 



































TaBLe | 
Vitamin E Activity of a-Tocoquinone and a-Tocopherol 
: Aver- 
No. of No of Aver- | No. of 
: Level | No. of . No. of | 4:0: if : 
P. 3 | 2 li dead 
reparation No | fed sate — litters : | wobht F.4 
litter 
™ mg. gm. 
I. a-Tocoquinone 4 5 2 3 3.7 | 4.4 2 
Il. - 3 3 0 3 7.7 5.2 0 
Ss 4 0 4 8.3 5.8 0 
17 4 0 4 9.0 5.2 0 
a-Tocopherol | 3 16 0 16 6.2 | 5.1 9 
. 17 13 4 4.6 5.5 0 
SUMMARY 


a-Tocoquinone possesses vitamin E potency which is sub- 
stantially identical with that of a-tocopherol. 
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1 drop of saturated sodium carbonate solution, followed by water to about 
5ec. Under these conditions 1 mg. of a-tocopherol gave at once a strong 
blue color, 0.1 mg. gave in the course of a quarter of an hour a distinct 
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blue, while 10 mg. of quinone prepared as described gave no blue color in 
several hours, although on standing overnight it did turn a very pale 
bluish gray. 


























A METHOD FOR THE DETERMINATION OF BLOOD 
ACETONE BODIES 


By RICHARD H. BARNES anp ARNE N. WICK 
(From the Scripps Metabolic Clinic, La Jolla, California) 


(Received for publication, September 15, 1939) 


The study of certain phases of fat metabolism has been greatly 
hampered by the lack of a satisfactory method for the determina- 
tion of acetone bodies in reasonable samples of blood. The 
methods' commonly used are Hubbard’s adaptation (7) of Mes- 
singer’s iodometric iodine titration (8), Behre and Benedict’s 
colorimetric method (9) based upon Fabinyi’s (10) demonstration 
of the color formation by acetone with salicylaldehyde in alkaline 
solution, and Van Slyke’s use (11) of Denigés’ (12) precipitation 
of acetone with mercuric sulfate. The Messinger titration is by 
far the most sensitive but it is affected by so many substances 
other than the acetone in the blood that numerous redistillations 


? An excellent discussion of the value of the various methods is given by 
Peters and Van Slyke ((1) pp. 623-626). They also mention the nephelo- 
metric estimation of Scott-Wilson’s precipitation with mercuric cyanide. 
Shipley and Long (2) have recently used such a method. In our hands, at 
least with low acetone body concentrations, a variability of several hun- 
dred per cent is found with such a procedure and we are in agreement with 
Peters and Van Slyke ((1) p. 624) that this estimation of acetone bodies 
“is difficult to perform with any accuracy.’’ There have been several 
attempts reported in the literature to devise a micromethod based upon the 
precipitate formed with acetone by mercury sulfate. By three of these 
(3-5) the amount of mercury in the precipitate is determined and this of 
itself tends to vitiate the methods because of the high variability in the 
precipitate composition at low acetone concentrations. One author (3) 
states that except at high acetone body concentrations the results are of 
value only where relatively gross variations in the content of acetone bodies 
are of significance. The other method (6) is simply the straight Van Slyke 
procedure in a micro form and presents all the difficulties inherent in the 
original procedure when the amount of precipitate is too low. Months of 
trial with these various modifications led us to discard them in favor 
of the adaptation of Van Slyke’s method which is presented here. 
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are required to free the acetone from interfering substances, during 
which large losses are common. The salicylaldehyde color reac- 
tion is more specific and only one distillation is required but the 
conditions for the reaction are of such an empirical nature that 
only certain impure preparations of salicylaldehyde on the market 
may be used. Unlike other methods the Denigés-Van Slyke 
mercuric sulfate precipitation is so specific that it is carried out 
directly on blood filtrates. For urine the method is admirable 
and when very large samples of blood are available or the acetone 
body concentration is high the method may be satisfactory for 
blood. Since 1 mg. of precipitate is formed by 0.05 mg. of acetone, 
the amount of precipitate is frequently too small to weigh with 
accuracy when the blood samples are small or the acetone body 
concentration is at the lower levels. Furthermore, the composi- 
tion of the precipitate appears to vary when the concentrations 
are low. In order to circumvent these difficulties the specific and 
simple Van Slyke precipitation has been combined with the 
sensitive iodometric method. 

A preliminary report of the method described here was made 
(13) more than 2 years ago. In its subsequent use a number of 
desirable modifications have been made. The blood proteins are 
precipitated with cadmium sulfate and sodium hydroxide. Sugar 
and other interfering substances are removed by a copper-lime 
treatment. The filtrate thus obtained is boiled with acid mercuric 
sulfate to form the acetone compound which precipitates, potas- 
sium dichromate being added for oxidation of the other acetone 
bodies to acetone. The precipitate is collected by centrifuging 
and drained free of interfering substances. The acetone combined 
with mercuric sulfate is freed by dissolving in hydrochloric acid 
and distilled into alkaline iodine solution and the Messinger titra- 
tion is carried out. The method involves only a single distillation 
and the special centrifuge tube which is used allows all the reac- 
tions and manipulations except the final titration to be carried 
out in a single receptacle. 


Reagents— 
Cadmium sulfate solution.* 13.0 gm. of reagent grade cadmium 


? Taken from Miller and Van Slyke’s (14) blood sugar method. 
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sulfate (3CdSO,-8H,O) and 63.5 ce. of exactly 1 N sulfuric acid 
are made to 1 liter with distilled water. 

1.1 N sodium hydroxide solution.’ 

25 per cent copper sulfate solution. 

Dry, powdered calcium hydroxide. 

Combined reagent for acetone precipitation. 300 cc. of 10 
per cent mercuric sulfate, 100 cc. of 50 per cent sulfuric acid, 
and 50 cc. of water are mixed and stored in a glass-stoppered 
bottle. 

The 10 per cent mercuric sulfate solution used here is prepared 
by dissolving 73 gm. of red mercuric oxide (Merck’s reagent grade) 
in 1 liter of 4 n H,SO,. This solution when filtered and placed 
in a glass-stoppered bottle will keep indefinitely. 

50 per cent sulfuric acid for the preparation of the combined re- 
agent is prepared by adding an equal volume of reagent (Merck’s) 
sulfuric acid to a volume of distilled water. 

5 per cent potassium dichromate prepared from the c.P. crystal- 
line compound. 

40 per cent sodium hydroxide. 80 gm. of sodium hydroxide 
(Merck’s reagent sticks) are dissolved and made up to 200 cc. 
with water. 

0.2 m sodium borate. 7.6 gm. of Na,B,O;-10H,0 are dissolved 
in hot water and made up to100cc. Dr. I. A. Mirsky who has been 
using a modification of this method for tissue analysis has suggested 
that the sodium borate and the hydrochloric acid (next solution) be 
mixed together (personal communication). This decreases the ten- 
dency for the sodium borate to crystallize out on standing. 

10 per cent hydrochloric acid. Every bottle of hydrochloric 
acid must be tested in the following manner to insure its adapta- 
bility to the method. 10 cc. of the 10 per cent hydrochloric acid 
are added to 10 cc. of 0.001 Nn iodine which has been made alkaline 
with 5 cc. of 40 per cent sodium hydroxide. When this is made 
acid with 50 per cent sulfuric acid and titrated with 0.001 Nn 
thiosulfate, it should titrate within 0.3 ec. of the titration of 10 
ec. of 0.001 N iodine treated as before, but to which no hydrochloric 
acid has been added. Baker’s acid is the only one of several 
that have been tested in this manner which meets the above 
requirement. 

0.001 n iodine. Made by diluting 10 cc. of stock 0.1 Nn iodine 
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(13 gm. of iodine and 30 gm. of potassium iodide diluted to 1 liter) 
and 5.0 gm. of potassium iodide to 1 liter. For high concentra- 
tions of acetone bodies, 0.005 N iodine may be used. 

0.001 N sodium thiosulfate. This is made by diluting 0.1 N 
stock solution, and must be standardized daily. 

Saturated solution of barium hydroxide. 

Soluble starch in powdered form for making fresh 1 per cent 
suspension. 


A pparatus® 


The apparatus used is shown in Fig. 1. Fig. 1, A consists of 
a heavy walled, conical tipped centrifuge tube with a female, 


SIPHON! Ni WIV 
i ie il 


tome 








A 8 


Fic. 1. Apparatus for the determination of blood acetone bodies. A, 
centrifuge tube; B, same centrifuge tube set up for distillation. 


standard taper, interchangeable, ground glass joint. Its over-all 
length is 6.5 inches. The condenser is equipped with a standard 
male joint. In Fig. 1, B the centrifuge tube is the same as in 
Fig. 1, A but is here set up for distillation. A suitable trap which 
has been found necessary is included. Any suitable receptacle, 
such as a large bore test-tube, acts as a receiver and contains the 
solution into which the condenser delivery tube dips. 


* The all-glass apparatus used in this determination was made by the 
Scientific Glass Apparatus Company, Bloomfield, New Jersey. It is 
listed by them under J-1598A and B and is identical with that pictured 
here in Fig. 1, except that they do not show the disti:lation trap, which, 
however, is now available from them in place of the connecting tube. 
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Procedure* 


Precipitation of Proteins—Proteins are removed with cadmium 
hydroxide by the method of Miller and Van Slyke (14). To 3 ce. 
of blood are added, with shaking, 24 cc. of cadmium sulfate solu- 
tion and 3 ce. of 1.1 N sodium hydroxide. After centrifugation, 
15 ce. of the protein-free filtrate are treated with 1.5 ec. of 25 per 
cent copper sulfate and enough dry calcium hydroxide added to 
make the solution alkaline. This mixture is centrifuged and the 
supernatant fluid used for acetone body analysis. 

Precipitation of Acetone Bodies—10 cc. of the above filtrate are 
placed in the special centrifuge tube and 4 cc. of the combined 
reagent for acetone body precipitation are added. Two 2 mm. 
glass beads are added and the tube connected to the condenser as 
in Fig.1,A. The liquid is then brought toa boil. Boiling without 
bumping is facilitated by placing the conical end,of the centrifuge 
tube in a 25 cc. porcelain evaporating dish containing sand. The 
dish is then heated by means of a microburner. After boiling for 
5 minutes, 0.5 cc. of 5 per cent potassium dichromate is added and 
boiling continued for 90 minutes. At the end of this time the 
centrifuge tube is removed from its condenser and while still hot 
3 drops of 5 per cent barium hydroxide are added. The contents 
of the tube are immediately centrifuged and the supernatant liquid 
poured off. A fine precipitate of barium sulfate is formed from 
the barium hydroxide and this precipitate holds the precipitated 
acetone-mercury complex in the bottom of the tube during 
decantation. The centrifuge tube should be allowed to drain 
thoroughly in order to remove any contaminating substances 
which are present in the supernatant liquid. 

Distillation and Titration of Acetone—A measured amount of 
0.001 N iodine is placed in a large test-tube. The amount (from 
10 to 50 cc.) is gaged by the amount of precipitate formed. 5 ce. 
of 40 per cent sodium hydroxide are added to the iodine and the 
tube so fixed that the tip of the condenser dips well below the 
surface of the liquid. 5 ec. of sodium borate and 5 cc. of 10 per 
cent hydrochloric acid are then added to the centrifuge tube and 
the contents carefully distilled into the alkaline iodine. (The 
apparatus is shown in Fig. 1,B.) Heating is discontinued and 


‘ Blood from etherized subjects cannot be used, as ether forms a precipi- 
tate with mercuric sulfate. 
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the iodine tube removed just before all of the liquid has been 
distilled from the centrifuge tube. After the condenser has been 
allowed to drain, the test-tube is placed in a beaker of ice. When 
cold, 50 per cent sulfuric acid is slowly added until the iodine 
color develops; then 0.5 to 1.0 cc. of acid is added in excess. The 
tube must be kept cold throughout this procedure. The excess 
iodine is then titrated with 0.001 N thiosulfate, with a freshly 
made 1 per cent starch suspension as an indicator. 

In order to make a blank determination on the iodine, the same 
amount of iodine solution used in the determination is made 
alkaline with 5 ec. of 40 per cent sodium hydroxide and then made 
acid with sulfuric acid. As before, the neutralization must be 
carried out in an ice bath to avoid loss of volatile iodine. The 
solution is then titrated with 0.001 Nn thiosulfate. 


Calculations 


Owing to the fact that the relative amounts of acetone, aceto- 
acetic acid, and 8-hydroxybutyric acid in blood are not known, 
and as their factors are different, it is best to express total acetone 
bodies in terms of acetone. Acetone formed by the oxidation of 
acetoacetic acid and 8-hydroxybutyric acid will give a recovery of 
92 per cent. Acetone which is originally present in the blood is 
partially lost during the removal of interfering substances with 
cadmium sulfate and copper-lime treatment. Recovery of this 
acetone is only 76.8 per cent. However, very little free actone is 
present in ketonemia, most of the acetone bodies being accounted 
for by acetoacetic acid and 6-hydroxybutyric acid. The average 
recovery for total acetone has been set at 91 per cent and the 
factor is as follows: 10.6 n (A — B)100/V = mg. of acetone per 
100 cc. of blood. N is the normality of thiosulfate, A the cc. of 
thiosulfate used to titrate the iodine blank, and B the cc. of 
thiosulfate used to titrate the iodine after the distillation of acetone 
from the precipitate. V is the cc. of blood represented in the final 
aliquot for analysis. V = 10/11 ce. if 10 cc. of the 1:11 filtrate 
are used. In certain cases as in perfusion experiments in which 
the liver is excluded from the circulation and §-hydroxybutyric 
acid is added to the perfusion fluid, it is desirable to calculate 
total acetone bodies as §-hydroxybutyric acid. Theoretically 
1 mole of 8-hydroxybutyric acid should yield on oxidation 1 mole 
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of acetone. However, the recovery of §-hydroxybutyric acid, 
calculated as acetone, by this method is 78.9 per cent of the theo- 
retical. As pure acetone, not treated with any precipitant, is 
92 per cent recovered by this method, the result is that 86.9 per 
cent of the theoretical yield of acetone is derived from 8-hydroxy- 
butyric acid. To calculate blood acetone bodies as 8-hydroxy- 
butyric acid, if this is the only acetone body present, the following 
expression is used: 21.9 n (A — B)100/V = mg. of 8-hydroxy- 
butyric acid per 100 cc. of blood. 


EXPERIMENTAL 


In the Van Slyke (15) method for urine acetone bodies, inter- 
fering substances such as sugar are removed by treating with 
copper sulfate and lime. This treatment is very efficient for the 
removal of sugar and other interfering substances, but when ap- 
plied to a blood filtrate obtained by precipitating proteins with 
mercuric sulfate, free acetone is quantitatively removed. Table I 
shows the effect of this treatment on acetone, but as can be seen 
in Table II, there is no loss of 6-hydroxybutyric acid with mercuric 
sulfate, copper-lime precipitation. On the other hand, if proteins 
are first removed with cadmium sulfate, as described by Fujita 
and Iwatake (16), the loss of acetone is reduced to about 25 per 
cent as compared to a 10 per cent loss inherent in the method 
itself. The figures for recovery of acetone added to water and to 
blood given in Table I show considerable variability. This is 
undoubtedly due to a variation in the partial removal of acetone 
as a result of the copper-lime treatment after cadmium precipita- 
tion of blood proteins. The variability and 25 per cent loss in 
acetone are not a serious drawback to the method, because acetone 
normally occurs in such relatively minute quantities in ketonemia. 

Table II shows the effect of various pretreatments on the re- 
covery of 8-hydroxybutyric acid added to blood. As the mercuric 
sulfate and copper-lime treatment quantitatively removes acetone 
from blood, but does not affect the determination of 8-hydroxy- 
butyric acid, and as the recovery of acetone is known for the cad- 
mium sulfate, copper-lime treatment, a differential method based 
on these two pretreatment methods may be used for determining 
free acetone in blood. The effectiveness of the treatment with 
copper-lime on the removal of sugar which is known to interfere 
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with the determination of acetone bodies is shown in Table II. 
It is also seen that the variability is much less than in the case of 


TABLE I 


Effect of Protein and Sugar Precipitants on Recovery of Acetone from 








No. of | 
deter- | Blanks | Acetone 





Aqueous Solutions and Blood 





Acetone recovered 


| | Per 















































: for | 
a added ase | -_ 

tions | blood | mum | mmm | Aver |mount 
‘added 

| mg. per | mg. per mg. per | mg. per | mg. per | 

| ce. | ce. ce. . | ce. 
No precipitants added) 1 | | 0.086 0.079 | 92.0 
(aqueous solutions) 2 | 0.166 | 0.153 | 0.153 | 0.153 | 92.2 
1 0.418 | 0.382 | 91.2 

| | 
{ct 2.22 gta nav ewe Pdabangeeesas > tekesee thc sdt aca de tte 91.8 
Mercuric sulfate, cop-| 1 | 0.100 | 0.00 0.0 
per-lime (aqueous | 1 | | 0.250 | | 0.00 | 0.0 
solutions) ; 1 | | 0.500 | 0.00 0.0 
SS eats eect hrs Als ad fs « aOR ANE ho BEN iw ciNceeh QA | 0.0 
Cadmium sulfate, | 6 | 0.091 | 0.061 | 0.072 | 0.064 | 70.4 
copper-lime (aque- | 6 | 0.234 | 0.168 | 0.179 | 0.175 | 74.8 
ous solutions) | 6 | 0.234 | 0.173 | 0.181 | 0.177 | 75.8 
| 6 | 0.465 | 0.345 | 0.366 0.358 | 77.1 
RE aicheh, in tine bd Loans Wendy ob ts 400 ate + blade aneete 74.6 
Cadmium sulfate, | 6 | 0.002 | 0.086 | 0.061 | 0.068 | 0.065 | 75.8 
copper-lime (ace- | 12 | 0.005 | 0.092 | 0.064 | 0.071 | 0.067 | 72.8 
tone added toblood)| 6 | 0.008 | 0.188 | 0.134 | 0.150 | 0.141 | 75.5 
| 6* | 0.008 | 0.188 | 0.136 | 0.145 | 0.142 | 75.7 
4 | 0.009 | 0.220 | 0.167 | 0.178 | 0.173 | 78.8 
| 6 | 0.009 | 0.223 | 0.172 | 0.185 | 0.17 | 79.6 
| 6 | 0.009 | 0.232 | 0.181 | 0.186 | 0.183 | 78.9 
ih heh ath aeeiel atiawuds Abb ahie-s one 4; ns 9 © 0. 00-03 76.8 











* Lactic acid added equivalent to 200 mg. per cent. 


acetone recovery. 
part, well within 5 per cent. 


In fact the variability remains, for the most 
On the basis of a 92 per cent recovery 


of acetone by the method, not including a precipitation treatment, 
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it may be calculated that 86.9 per cent of the theoretical yield of 
acetone from §-hydroxybutyric acid is obtained. This figure is 
in good agreement with those given by many other investigators. 











Taste II 
Effect of Protein and Sugar Precipitants on Recovery of 8-Hydroxrybutyric 
Acid 
| . | g-Hydroxybutyrie acid recovered, 
Pee) dee 
ong Blanks | butyric | 
po al for acid cal- Per 
* blood ted _ " 
tions - Mini- Maxi- Average cent of 
| cetone | ™um mum were 








| mg. per | mg. per | mg. per | mg. per | mg. per 
ce. ce ce ec. 
































No precipitants added 4 | | 0.100 | 0.077 | 0.081 | 0.078 | 78.0 
(aqueous solution) | 5 | | 0.250 | 0.187 | 0.194 | 0.189 75.6 
POUNDS. ni cosine canacuesass eeedhabha Chines feeiieae Tene 76.7 

Mercuric sulfate, cop- 5 0.100 | 0.073 0.077 | 0.075 | 75.2 
per-lime (aqueous 6 0.250 | 0.190 | 0.194 0.192 | 76.8 
solution) 

BAUBOER. 065. nbd. cath whens Wiggins: css fo 2 OR 76.1 








| 4* | 0.009 | 0.100 | 0.080 | 0.081 | 0.081 | 81.0 


Mercuric sulfate, cop- | 
5 | 0.010 | 0.100 | 0.076 | 0.082 | 0.078 | 78.0 


per-lime (added to 




















blood) 6t | 0.009 | 0.250 | 0.198 | 0.212 | 0.204 | 81.6 
DTI, « «.n.60<4000° <0 nodee shes enmeetaeee bbe alts eee 80.5 
Cadmium _ sulfate, | 5t | 0.014 | 0.023 | 0.017 | 0.019 | 0.018 | 76.4 
copper-lime (added | 6f | 0.005 | 0.227 | 0.178 | 0.187 | 0.182 | 80.2 
to blood) 12§ | 0.009 | 0.227 | 0.172 | 0.181 | 0.177 | 78.0 
6§ 0.009 | 0.909 | 0.725 0.743 | 0.738 | 81.2 

ND. on oT As SET aes b cuber scat au uae ta ae cee tata 78.9 





* Glucose added equivalent to 50 mg. per cent. 
t Glucose added equivalent to 400 mg. per cent. 
t Sodium salt of 8-hydroxybutyric acid. 

§ Calcium-zinc salt of 8-hydroxybutyric acid. 


It is difficult to prepare a solution of a known amount of aceto- 
acetic acid for a study of the recovery of this substance. How- 
ever, as Van Slyke (15) has adequately studied the quantitative 
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formation of the mercury-acetone complex from acetoacetic acid, 
the important study to be made was the effect of the cadmium 
sulfate, copper-lime treatment on its recovery. In six separate 
determinations, acetone was determined from the ethyl ester of 
acetoacetic acid added to water without any precipitation treat- 
ment, and equal amounts of the same solution added to blood 
prepared with cadmium sulfate and copper-lime. From the 
water solution, 0.148 mg. per cc. of acetone was found and the 
same solution when added to blood and precipitated with cadmium 
sulfate and copper-lime yielded 0.149 mg. per cc. This shows that 
the filtrate preparation procedure has no effect on the determina- 
tion of acetoacetic acid. 

The method outlined above has been used for many hundred 
determinations of blood acetone bodies in this laboratory and 
elsewhere. Its ease of manipulation and reliability on duplicate 
determinations have been amply demonstrated. In all cases a 
value between 0.5 and 1.0 mg. per cent of total acetone in blood 
has been found for normal fed rats, dogs, rabbits, and humans. 
No one has ever demonstrated that this small value which has 
always been obtained on blood is actually due to the presence 
of acetone bodies. The possibility exists that this figure repre- 
sents some interfering material not removed by the purification 
procedures employed. 


SUMMARY 


A method for the determination of blood acetone bodies has 
been described. Acetoacetic acid and §-hydroxybutyric acid 
are oxidized to acetone with sulfuric acid and potassium di- 
chromate. The acetone thus formed is precipitated as a mercury 
complex. The acetone precipitated in this manner is freed from 
contaminating materials by centrifuging. The mercury-acetone 
precipitate is decomposed in hydrochloric acid and the acetone 
set free is distilled and collected in alkaline iodine and titrated by 
the Messinger technique. 


The authors wish to express their thanks and appreciation to 
Dr. Eaton M. MacKay for his helpful criticisms and advice. 
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The evidence in the literature for the presence of lecithin in 
bile is inconclusive. Strecker (20) in 1862 reported his investiga- 
tions on some of the normal constituents of hog bile. He isolated 
a material having the properties of a phospholipid, and, in addi- 
tion, he obtained a new strong base which he termed choline 
because of its biliary origin. Following the determination of the 
structure of lecithin, it has been assumed that choline in bile is a 
decomposition product of lecithin. Hammarsten (8) in 1905 
reported the isolation of phospholipid, choline, and glycerophos- 
phoric acid from the bile of polar bears. However, Jones and 
Sherberg (13) in 1937 stated that lecithin and neutral fat are either 


* A preliminary report was presented before the Michigan Academy of 
Science, Arts, and Letters on March 17, 1939 (12). 

Worm (26) has published just recently the results of analyses of gall- 
bladder bile of man, ox, and hog, in which he determined choline by pre- 
cipitation with Reinecke’s reagent. His results are in agreement with 
ours in regard to the presence of only small amounts of free choline in 
fresh bile. He also observed rapid hydrolysis of combined choline in some 
of his samples with the production of corresponding amounts of free cho- 
line. His figures for total choline after hydrolysis are considerably lower 
than ours, possibly owing to the fact that he used 2 n sulfuric acid in hy- 
drolysis. We have confirmed the observation of Williams et al. (24) that 
hydrolysis of phospholipids with acid produces smaller yields of choline 
than hydrolysis with barium hydroxide, possibly owing to destruction of 
choline when boiled in an acid medium. Worm did not report analyses of 
hepatic bile, and he did not describe the isolation and identification of any 
of the combined choline. 

This work was aided by a grant from Parke, Davis and Company. « 
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absent from gallbladder bile of the ox, the hog, and the dog or 
are present in very minute quantities. Their conclusions were 
based on their failure to isolate glycerol or obtain positive qualita- 
tive evidence for it in whole bile and in hydrolyzed ether-alcohol 
extracts of bile. Recently Miiller (17) isolated rather large 
amounts of choline from gallbladder bile taken from human 
cadavers. In spite of the fact that the method which he employed 
for the isolation was one which would be expected to yield in- 
complete recoveries of choline, he obtained amounts which were 
greater than those which would have been expected on the basis 
of existing phospholipid analyses of human gallbladder bile. 
Therefore, he expressed the belief that bile contains free choline in 
addition to the combined choline present in the form of phos- 
pholipid. 

The few existing analyses of bile for phospholipids are in very 
poor agreement. Trifanowsky (23) in 1874 reported a phospho- 
lipid concentration of 20 mg. per cent in human gallbladder bile. 
Hammarsten (9) in 1911 stated that the concentration is 180 mg. 
per cent. A concentration of 220 mg. per cent was reported by 
Roger (18). For human fistula bile some of the available analyses 
are 10 mg. per cent (Jacobson (11)), 80 mg. (von Zeynek (27)), 
60 mg. (Bonanni (3)), 60 mg. (Hammarsten (9)), and 50 mg. 
(Roger (18)). A few reports of the phospholipid content of the 
bile of animals are available, but few of these are of recent origin, 
and the accuracy of the determinations is uncertain in view of the 
modifications in the analytical methods for phospholipids which 
have been found necessary since the publication of the early work. 
Hoppe-Seyler (10) gave a value of 270 mg. per cent for the phos- 
pholipid concentration of dog gallbladder bile and 10 mg. for 
dog hepatic bile. Hammarsten in a series of investigations on the 
bile of various polar animals (7) reported especially high values for 
the lipids, including phospholipids. 

In view of the scarcity of information regarding the qualitative 
and quantitative content of phospholipids in bile and because of 
their possible importance in fat metabolism, in emulsification of 
fats (5, 6), in increasing the solubility of cholesterol in bile, thus 
aiding in the prevention of calculi formation, and as antitoxic 

ents for the bile acids (Tashiro et al. (21)), it seemed desirable 
to study the phospholipid content of bile by some of the more 
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recent analytical methods. Also, it was thought to be of interest 
to investigate the possible occurrence of free choline in bile, as 
suggested by the work of Miller (17). 


EXPERIMENTAL 


Following the use of Reinecke reagent by Kapfhammer et al- 
(14, 15) for the isolation of choline from extracts, this reagent 
has been used by a number of investigators (1, 19) for the deter- 
mination of choline in tissues. The great insolubility of the 
Reinecke salt of choline makes it a useful reagent for such deter- 
minations. Recently, Williams, Erickson, Macy, and coworkers 
(24) have used this method in conjunction with modifications of 
Bloor’s procedures (2) for the differential analysis of the phospho- 
lipids of tissues and blood. Modifications of these methods were 
devised for the determination of free and total choline and phos- 
pholipid of bile. 

Determination of Free Choline—Accurately measured samples 
of bile of 25 to 50 cc. are treated with saturated zinc sulfate solu- 
tion for the removal of phospholipid, bile acids, protein, and bile 
pigments. After complete precipitation, the material is removed 
by centrifugation and the precipitate is washed three times with 
5 ce. portions of 10 per cent zine sulfate solution. To the com- 
bined filtrate and washings, a calculated amount of powdered 
barium hydroxide is added for the simultaneous removal of both 
zinc and sulfate. The precipitated zine hydroxide and barium 
sulfate are centrifuged off and washed three times with small 
portions of distilled water. The combined filtrate and washings 
are tested with sulfuric acid in order to insure the complete re- 
moval of barium. The solution is made faintly acid to litmus 
and is treated with a saturated solution of ammonium reineckate 
until the precipitation of choline is complete. Precipitation is 
always carried out after the solution is chilled in an ice bath, and 
1 hour is allowed for completion. Choline reineckate separates 
in the form of small plates which have a glistening appearance. 
This is used as a criterion of the purity of the precipitate and 
occasional samples yielding amorphous reineckate precipitates 
are discarded. The choline reineckate is filtered onto a small 
Neubauer crucible with gentle suction and is washed several 
times with chilled, distilled water faintly acidulated with hydro- 
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chloric acid. The crucible containing the choline reineckate is 
dried to constant weight in a vacuum desiccator over cal- 
cium chloride. Choline is calculated from the weight of 
choline reineckate. In the early analyses of the bile samples from 
different animals, the identity of the reineckate was verified by 
conversion of the choline to the picrate and chloride salts which 
were checked by elementary analyses and by melting points and 
mixed melting points with known samples. The method was 
checked also by determinations on bile samples to which known 
amounts of choline chloride were added. The average recovery 
of added choline was 94 per cent. 

Determination of Total Choline—25 cc. portions of bile are treated 
with 75 cc. of 95 per cent alcohol, and the solution is boiled on a 
water bath for 5 minutes. The precipitated protein is filtered off 
and is washed twice by boiling out with 25 cc. portions of 95 per 
cent alcohol and two additional times by boiling for 30 minutes 
in a flask with a mixture of 3 parts of alcohol and 1 part of ethyl 
ether. These washings are carried out in order to extract phos- 
pholipid material which might have been carried down with the 
protein. 2 gm. of barium hydroxide are added to the combined 
main filtrate and the washings, and the solution is evaporated on a 
water bath for the removal of alcohol and ether. About 10 cc. of 
water are added, and the alkaline solution is hydrolyzed further 
by continuation of the heating on a steam bath for 2 hours. The 
cooled solution is centrifuged and the residue is washed three times 
with 5 ce. portions of saturated barium hydroxide solution. To 
the combined centrifugate and washings is added a saturated 
solution of zine sulfate for the removal of barium and the re- 
mainder of bile acids and bile pigments. The precipitate is centri- 
fuged and washed several times with small portions of distilled 
water. The filtrate and washings are freed of any excess of zinc 
or barium. Choline is precipitated with Reinecke salt and de- 
termined as described above under the “Determination of free 
choline’ in bile. 

Human and canine hepatic and gallbladder bile and gallbladder 
bile of the hog were analyzed by these methods for free and total 
choline. The results are recorded in Table I, in terms of mg. of 
choline per 100 cc. of bile. A considerable variation in the free 
choline values may be noted. This will be discussed below. The 
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Tasie | 
Free and Total Choline in Bile 
All figures are expressed in mg. of choline per 100 cc. of bile. 

















Type of bile Free choline Total choline 
Hog bladder 3.1 261 
0.9 272 
2.0 249 
3.5 276 
1.0 220 
2.0 245 
251 
Dog a 1.9 181 
0.8 201 
1.7 194 
4.0 171 
2.7 174 
191 
** hepatic 1.7 105 
0.8 85 
2.5 123 
1.9 100 
1.3 8U 
64 
68 
72 
118 
Human hepatic 10.4 51 
10.2 79 
4.3 98 
12.3 83 
7.8 62 
: 59 
78 
“bladder 22.3 179 
13.2 189 
7.8 182 
201 
192 
187 











total choline figures include both free and combined choline. All 
figures are the average of three determinations carried out on 
samples of bile from different animals. As may be seen in Table 
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I, hog gallbladder bile has the highest content of total choline, 
the maximum amounting to almost 300 mg. per 100 cc. of bile. 
The largest amounts of free choline were found in human bile. 
The marked variation in the free choline content of the various 
bile samples suggested the possible formation of the free compound 
by hydrolysis of combined choline in the samples before analyses 
could be carried out. In order to investigate this possiblility, 2 
liter portions of fresh, human hepatic bile and hog gallbladder 
bile were permitted to stand in an ice box after the addition of 


TaB_e Il 
Formation of Free Choline in Bile on Standing and during Desiccation 














Type of bile a z — ase a _ = 
Free | Total 
hrs. mg. mg. 
Human hepatic 0 8.5 | 92.1 
8 23.2 94.5 
20 40.1 87.8 
30 52.3 93.4 
40 59.4 92.2 
48 67.8 90.1 
Hog bladder 0 3 276 
5 28 274 
12 61 274 
25 112 275 
| 40 139 274 
| 50 162 275 
60 168 274 
Desiccated hog bladder 220 | 251° 
SEE NS a SS - - —E 


* Based on the original volume of the bile before drying. 


toluene and chloroform as preservatives. Samples were removed 
at intervals and analyses for free and total choline were carried out 
as before. The results are recorded in Table II. The intervals 
in hours at which samples were removed for analyses are given 
in the second column. Free choline and total choline are recorded 
in the third and fourth columns in terms of mg. of choline per 100 
ec. of bile. It may be seen that in both of the biles studied in this 
experiment there was a marked increase in the amount of free 
choline which must have been at the expense of the combined 
choline, since total choline remained about constant throughout 
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the period of autolysis. In both cases the free choline increased 
to about 60 to 70 per cent of the total choline. 

Effect of Desiccation on Combined Choline of Bile—Several 
samples of hog gallbladder bile were desiccated to a powder by a 
process of vacuum sublimation of water from the frozen bile.’ 
The results of analyses for free and total choline in the dried bile 
are recorded in Table II. It may be seen that about 85 per cent 
of the choline is in the free form, indicating marked decomposi- 
tion of the combined choline during desiccation. 

Extraction of Combined Choline from Bile with Ether-Alcohol— 
Extraction was carried out by a method described by Jones and 
Sherberg (13). To 1000 cc. portions of fresh bile placed in tall 
cylinders, 250 ce. of 95 per cent alcohol and 1250 cc. of a mixture 
of equal parts by volume of petroleum and ethyl ether were 
added. The cylinder was shaken vigorously and then allowed to 
stand for several days. The mixture separated into four layers. 
On the bottom was a yellow precipitate of protein nature, above 
this, a brownish watery solution of bile, above this a cloudy 
emulsion of bile and ether in which was suspended a small amount 
of protein material, and finally above this, a layer of clear ether 
extract. Both the clear ether extract and the ether emulsion 
were removed separately. The watery solution of bile was again 
extracted three or four times in the same way. The clear ether 
extracts were united, and the emulsions were combined and 
evaporated to dryness. The residue from this was redissolved in 
ether and filtered. All the ether extracts were then combined. 
Aliquots were removed and evaporated to dryness in vacuo in an 
apparatus from which all air had been removed with a stream of 
nitrogen. The material was dissolved in a small volume of water 
and free and total choline determinations were made as described 
above. In addition, phosphate analyses were carried out by the 
method of Fiske and Subbarow (4). The extracts did not contain 
free choline but combined choline was present, as shown by the 
determinations of choline after hydrolysis. The figures for 
choline are omitted from Table III for the sake of brevity, but 
the molar ratios of phosphorus to choline are presented in the 
third column. These ratios closely approximate a 1:1 relation- 


! We wish to express our thanks to Parke, Davis and Company for the 
vacuum desiccation of these samples of bile. 
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ship in the extracts from the various types of bile studied. Such 
a ratio would be given by lecithin or sphingomyelin or mixtures of 
the two. Assuming for the purpose of calculation that all the 
phospholipid in the extracts was lecithin, the amounts in mg. per 
100 ce. of bile are recorded in the second column of Table III. 
The amounts of phospholipid in the extracts were somewhat 
larger than the maximum amounts reported for these biles by 
most of the previous investigators. However, the material in 
the extracts did not account for all the combined choline present 


Taste III 
Total and Exiractable Phospholipid in Bile 





Alcohol-ether extract besa phospho- 


Type of bile a oicie ns lipid® 
| Phospholipid® | P tocholineratio 
| mg. ted ce. u mg. ——- 
Hog bladder 282 0.96:1 1672 
290 0.94:1 1742 
271 0.98:1 1610 
Human bladder 194 0.94:1 1250 
187 0.99:1 1243 
‘* hepatic 61 0.98:1 604 
| 56 0.96:1 | 609 
Dog bladder 250 0.94:1 | 1160 
| 243 0.99:1 1098 
“hepatic 49 0.97:1 559 
57 0.99:1 671 














* Phospholipid calculated as lecithin. 


in whole bile. The total combined choline of whole bile was 
calculated in terms of lecithin and recorded in the fourth column 
of Table III as mg. per 100 cc. of bile for the sake of comparison 
with the phospholipid of the ether-alcohol extracts. Thus it may 
be seen that the total “phospholipid” calculated by this means is 
approximately 5 to 6 times as much as the amount extracted with 
ether-alcohol in the case of human, dog, and hog gallbladder bile. 
It should be emphasized that the total combined choline of bile 
may not be present in the form of lecithin but the calculations 
were made in those terms for the sake of comparison. 
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Chemical Identity of Extractable Phospholipid—1i000 cc. of 
fresh hog gallbladder bile were extracted with ether-alcohol as 
described in the previous section. After evaporation of the 
extract to dryness in vacuo in an apparatus from which the air 
had been removed with a stream of nitrogen, the material was 
dissolved in 75 ce. of hot methyl alcohol. The extract was acidi- 
fied slightly with hydrochloric acid and treated with a saturated, 
freshly prepared solution of Reinecke salt in methanol for the 
precipitation of diaminophosphatide according to the method of 
Thannhauser and Setz (22). After the solution had stood in an 
ice box for several hours, the small amount of reineckate of a 
diaminophosphatide was filtered from the solution and washed 
twice with small portions of cold methanol saturated with Rei- 
necke salt. The work on this diaminophosphatide will be re- 
ported later. The filtrate was freed of excess Reinecke acid by 
precipitation with silver nitrate in methanol. After filtration, 
excess silver was removed with hydrogen sulfide and excess H,S 
was blown off with a stream of nitrogen. The methanol was then 
removed by vacuum distillation at a temperature not exceeding 
35° in an apparatus from which air had been removed with nitro- 
gen. The lipid material was dissolved in a small amount of ether, 
phospholipid was precipitated with excess acetone, and the pre- 
cipitate collected by centrifuging. The precipitate was washed 
by kneading with acetone in the centrifuge tube, then dissolved in 
dry ether, and the separation and washing with acetone repeated 
twice more. The final precipitate was dissolved in the minimum 
amount of dry ether and excess absolute alcohol was added. The 
trace of precipitate formed by addition of alcohol was removed by 
filtration. The ether-alcohol filtrate was evaporated as before 
in vacuo after removal of air, the phospholipid was dissolved in 
dry ether, and the alcohol precipitation was repeated in smaller 
volume. After the filtrate was evaporated again by the method 
described above, the phospholipid was purified according to the 
method of MacLean (16) by suspension in several volumes of 
water and precipitation with acetone together with a little NaCl. 
The flocculent precipitate was collected, dehydrated by kneading 
with acetone, dissolved in ether, precipitated with acetone, and 
then washed with acetone, after which the material was dissolved 
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in dry ether and the precipitation repeated. The material ap- 
peared to be lecithin and gave the following analyses. 


Oleopalmity! lecithin,* (C@HsOsN P) 
Calculated. N 1.80, P 3.99, choline 15.58 
Found. - 2.24 2 ” 15.19 


* The fatty acids of the lecithin of bile have not been determined by 
us but the calculation is made on the basis of oleopalmityl lecithin, since 
these are the fatty acids found in largest amounts in lecithins derived from 
other animal sources. 


Choline was determined as the reineckate after hydrolysis with 
barium hydroxide. The figure recorded is the average of several 
determinations. The combined filtrates from the precipitation of 
choline reineckate in the lecithin hydrolysates were pooled for 
the isolation of glycerol. Barium was removed with sulfuric acid 
and excess Reinecke acid was precipitated as the silver salt. 
After removal of excess silver with H,S, 0.4 cc. of benzoyl chloride 
and 5 cc. of 10 per cent sodium hydroxide were added and the 
mixture was shaken vigorously in an ice bath. After 1 hour’s 
standing the precipitated glycerol tribenzoate (small needles) 
was filtered off with suction and was washed with 10 cc. of cold 
water, then with 10 cc. of a mixture of 2 ec. of glacial acetic acid 
and 8 cc. of water. The material was recrystallized from 10 ce. 
of boiling dilute alcohol (2 volumes of alcohol to 1 volume of 
water). After cooling, the precipitated compound was filtered 
with suction and washed with 2 cc. of dilute alcohol. , The re- 
crystallized compound melted at 76° and a mixture with a known 
sample of glycerol tribenzoate showed no change in the melting 
point. Elementary analyses of the compound were as follows: 


CusHaO,. Calculated, C 71.25, H 4.99; found, C 70.62, H 5.02 


These analyses and isolations indicate that part of the extractable 
phospholipid of hog bile is lecithin. 


DISCUSSION 


The amounts of free choline in very fresh samples of human, 
canine, and hog hepatic and gallbladder bile are fairly small. 
This is in contrast to the suggestion of Miiller (17) that rather 
large amounts of free choline occur in human bile normally. 
However, as demonstrated by our hydrolysis experiments, com- 
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bined choline decomposes quite rapidly in bile when it is permitted 
to stand at room temperature or in an ice box, even when preserved 
from bacterial action by toluene and chloroform. The rapid- 
ity of the hydrolysis suggests the possibility of enzymatic 
action. This is being investigated. This rapid formation of 
free choline in bile deserves further study, for there is a possibility 
that it may occur in vivo during stasis of bile in the gallbladder. 
On the other hand, the possible réle of the choline of bile in the 
stimulation of the smooth muscle of the intestinal tract should be 
considered. Winfield (25) has reported a beneficial effect of 
desiccated bile in relieving anorexia in patients with biliary in- 
sufficiency possibly through the stimulation of gastric and in- 
testinal motility. In view of our finding that particularly large 
amounts of free choline are present in such desiccated bile, it is 
reasonable to suppose that at least a portion of the stimulating 
effect may be due to the choline. This possibility is being in- 
vestigated. 

The amounts of total choline in bile as determined by our 
method are much greater than those reported by previous in- 
vestigators. In fresh bile most of this choline exists in a com- 
bined form, the exact nature of which is unknown. However, a 
portion of the combined choline is in the form of phospholipid 
which may be extracted with ether-alcohol. The ratio of choline 
to phosphorus in this phospholipid is 1:1, which indicates that 
the material may be lecithin, sphingomyelin, a mixture of both, 
or some unknown phospholipid with a similar ratio. A portion 
of the extractable material appears to be lecithin, since after 
purification, the correct nitrogen and phosphorus analyses were 
obtained, the mole ratio of choline to phosphorus was 1:1, and 
glycerol was isolated as the tribenzoate after hydrolysis of the 
phospholipid. The quantity of lecithin isolated in a fairly pure 
form from the ether-alecohol-extractable phospholipid was only 
one-third of the total phospholipid material in the extract. There- 
fore, the possible presence in the extractable fraction of other 
phospholipids with a similar 1:1 choline to phosphorus ratio is 
not excluded. In addition, it should be pointed out that in the 
bile from the various animals studied, the amounts of combined 
choline which could be extracted with ether-alcohol were less than 
one-fifth the total combined choline, even when the extractions 
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were repeated a large number of times and by various methods. 
Two explanations may be offered: first, that the combined choline 
exists in two or more forms, one or more of which are soluble in 
ether-alcohol and one or more of which are insoluble in such sol- 
vents; second, that the non-extractable portion is bound by the 
bile salts in the form of choleates. An effort is being made to 
isolate the non-extractable portion by other means. 

When the total combined choline of bile as determined by our 
method is calculated as though all of it were present in the form of 
lecithin, the figures (Table III, last column) are much greater 
than the values for bile phospholipid reported by other investiga- 
tors by other methods. On the basis of this method for the cal- 
culation of total phospholipid, hog bile has a higher content than 
any of the other biles studied. 

Human hepatic bile was obtained by drainage of the bile ducts 
of patients following choledochostomy and cholecystectomy. 
The drainage bile from these patients may reach a liter per day 
and that amount is undoubtedly less than the total amount 
secreted, since a T-tube is used which permits some of the bile 
to flow into the intestine. Calculated on the basis of 1000 ce. 
per day, about 6 gm. of phospholipid may be secreted. 


SUMMARY 


By the methods described in this paper it was found that only 
small amounts of free choline occur in fresh hepatic and gall- 
bladder bile of humans, dogs, and hogs, but large quantities of 
combined choline are present. 

On standing in an ice box with toluene and chloroform pre- 
servatives, the choline compound in bile decomposes rapidly with 
the formation of free choline. Desiccation of hog gallbladder 
bile by vacuum sublimation of water from the frozen bile causes 
decomposition of most of the combined choline with the formation 
of corresponding amounts of free choline. The presence of free 
choline in this dried bile may account for part of its stimulatory 
effect on the gastrointestinal tract. 

A portion of the combined choline of bile may be extracted 
with ether-alecohol mixtures. This fraction is in the nature of 
phospholipid having a mole ratio of choline to phosphorus of 1:1. 
The isolation of lecithin from this fraction agrees with earlier 
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work and is contrary to the report of Jones and Sherberg (13) that 
lecithin is either entirely absent from bile of the dog and hog or is 
present only in traces. The possible presence in the ether-aleohol- 
extractable fraction of sphingomyelin or some other phospho- 
lipid with a choline to phosphorus ratio of 1:1 has not been 


excluded. 
BIBLIOGRAPHY 

1. Beattie, F. J. R., Biochem. J., 30, 1554 (1936). 

2. Bloor, W. R., J. Biol. Chem., 82, 273 (1929). 

3. Bonanni, A., Arch. farmacol. sper., 1, 511 (1903); abstracted in Jahres- 
ber. Fortschr. Tierchem., 32, 508 (1903). 

4. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

5. von Firth, O., and Minibeck, H., Biochem. Z., 287, 139 (1931). 

6. von Firth, O., and Scholl, R., Biochem. Z., 222, 430 (1930). 

7. Hammarsten, O., Z. physiol. Chem., 32, 435 (1901); 36, 525 (1902); 43, 
109 (1904); 61, 454 (1909). 

8. Hammarsten, O., Ergebn. Physiol., 4, 15 (1905). 

9. Hammarsten, O., A text-book of physiological chemistry, translated 
by Mandel, J. A., 6th edition, New York, 413 (1911). 

10. Hoppe-Seyler, F., Physiologische Chemie, Berlin, 1, 317 (1877). 

11. Jacobson, O., Ber. chem. Ges., 6, 1026 (1873). 

12. Johnston, C. G., and Irvin, J. L., Proc. Am. Physiol. Soc., Am. J. 
Physiol., 126, 548 (1939Y. 

13. Jones, K. K., and Sherberg, R. O., Proc. Soc. Exp. Biol. and Med., 36, 
535 (1937). 

14. Kapfhammer, J., and Bischoff, C., Z. physiol. Chem., 191, 179 (1930). 

15. Kapfhammer, J., Bischoff, C., and Grab, W., Z. physiol. Chem., 200, 
153 (1931). 

16. MacLean, H., J. Path. and Bact., 18, 490 (1914). 

17. Miller, E. F. W., Z. physiol. Chem., 242, 201 (1936). 

18. Roger, H., Traité de physiologie normale et pathologique, Physiolo- 
gie du foie, Paris (1928). 

19. Shaw, F. H., Biochem. J., 32, 1002 (1938). 

20. Strecker, A., Ann. Chem., 123, 353 (1862). 

21. Tashiro, 8., Tsuruta, T., and Schmidt, L. H., Med. Bull. Univ. Cin- 
cinnati, 6, 40-156 (1931). 

22. Thannhauser, 8. J., and Setz, P., J. Biol. Chem., 116, 527, 533 (1936). 

23. Trifanowsky, D., Arch. ges. Physiol., 9, 492 (1874). 

24. Williams, H. H., Erickson, B. N., Avrin, I., Bernstein, 8. 8., and 
Macy, I. G., J. Biol. Chem., 123, 111 (1938). 

25. Winfield, J. M., J. Michigan State Med. Soc., 37, 798 (1938). 

26. Worm, M., Z. physiol. Chem., 267, 140 (1939). 

27. von Zeynek, R., Wien. klin. Woch., 12, 568 (1899). 








4 





























THE COMPARISON OF DESICCATED AND NORMAL 
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Recently various investigators (6, 10, 20) have shown that the 
abnormal bleeding tendency of obstructive jaundice is due to a 
failure in the absorption of vitamin K in the absence of bile in the 
intestine. The desirability of providing a readily soluble, dried 
bile preparation for therapeutic use has been suggested (11). 
Such a preparation has been made (11) by the use of the lyophile 
process of Flosdorf and Mudd (9). This method has the disad- 
vantage of being limited in its application to the preparation of 
only smail quantities of material. It has been found possible 
to prepare a similar dried bile by another procedure which permits 
the preparation of larger quantities. Analyses of hog gallbladder 
bile before and after desiccation by this method are presented in 
this paper. 


EXPERIMENTAL 


The bile is processed as follows: Fresh hog bile is collected and 
immediately placed in a refrigerator to prevent decomposition. 
When ready for processing, the refrigerated bile is concentrated 
and dried under a high vacuum at low temperature. Hog bile 
thus prepared yields a brownish yellow material which when pul- 
verized forms a fine homogeneous product. Upon the addition 
of water to this material, a solution is formed which resembles the 
bile from which it is prepared. This desiccated bile preparation 
is soluble in distilled water to the extent of 13.9 gm. per cent at 
25°, 14.4 gm. per cent at 37°, and 15.8 gm. per cent at 60°. 

It became of interest to determine certain physical and chemical 
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properties of this material and to compare it with fresh hog gall- 
bladder bile. 

Methods for Chemical and Physical Comparison—10 liters of 
freshly collected hog gallbladder bile were divided into 2 equal 
parts. One portion was analyzed immediately for inorganic and 
organic constituents and physical measurements were made. 
The other portion was desiccated by the method described above. 
Distilled water was added to the dried material to bring the volume 
to that of the bile from which it was prepared. Similar chemical 
and physical determinations were carried out for comparison with 
the original bile. Total solids of fresh bile were determined by 
drying at 105° to constant weight. Chloride was determined by 
the method of Van Slyke as modified by Wilson and Ball (24), and 
carbon dioxide by the constant volume method of Van Slyke and 
Neill (22). Correction has been made for free carbon dioxide 
according to the method of Peters and Van Slyke ((17) p. 292) 
with pH values determined with a Leeds and Northrup glass elec- 
trode. The results are recorded as bicarbonate. Ashing was 
carried out in platinum dishes in an electric furnace at tempera- 
tures not exceeding 550°. Since bile proved to be resistant to 
simple ashing procedures, one or more extractions with nN hydro- 
chloric acid and water were made after charring or partial ashing. 
Sodium was determined by the method of Barber and Kolthoff 
(2) after removal of the phosphates with barium hydroxide. The 
chloroplatinate method described by Peters and Van Slyke ((17) 
p. 729) was used for the determination of potassium. Calcium 
was determined by the method of Clark and Collip (5) and mag- 
nesium by the method of Briggs (4). The method of Fiske and 
Subbarow (8) was employed for phosphorus determinations. Free 
choline, total choline, extractable phospholipid, and total “‘phos- 
pholipid” were determined by the methods described by Johnston 
et al. (12, 13). Cholic acid was determined according to the 
modification of the Gregory and Pascoe method described by 
Reinhold and Wilson (18) with the exception that measurements 
were made in an Evelyn photoelectric colorimeter with a filter 
with maximum transmission at 660 my. Total bile acids were 
determined by Doubilet’s (7) modification of Peoples’ (16) iron 
precipitation method. 3-Hydroxy-6-ketoallocholanic acid was 
estimated by the method of Anchel and Schoenheimer (1) with 
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their p-carboxyphenylhydrazine reagent. Hyodesoxycholic acid 
was estimated by difference between the total bile acids and 3- 
hydroxy-6-ketoallocholanic acid. This was considered to be 
permissible in view of the fact that cholic acid was either absent 
or present only in traces and other bile acids have not been isolated 


TABLE | 


Anion and Cation Content of Hog Bladder Bile before and after 
Desiccation 


All figures are in milliequivalents per liter and are the averages of three 
determinations. 


Prepara- Na K Ca | Me | Free choline | Total cation 
tion No. 








Fresh | Dry | Fresh| Dry Fresh | Dry stele t Dey om | Dry 
I 175 | 179 | 19.7 20.0 9.8/9.8 4.8 | 4.9| 0.76! 17.2/210.1'230.9 


1 | 168 | 168 | 21.2) 21.1 1 8.5 | 8.4] 4.1 | 4.2) 1.9 | 16.1)208.7217.8 














Pp HCO; | Bile salt ie] Tota! anion 
repara- | 
tion No. - - —————— | aaa 
| Fresh Dry Fresh | Dry Fresh | Dry | Fresh Dry 
1 | 32.0 | 31.5 | 15.7 | 12.1 | 165 yer | 211.7 | 204.6 
li a5 | a70| 7 | 133 | im | 10 213.2 


210.3 





TaBe II 
Cholesterol, Bilirubin, Fatty Acid, and Mucin Content of Hog Gallbladder 
Bile before and after Drying 
All figures are in mg. per 100 cc. of bile and are the averages of three 
determinations. 











P Cholesterol Bilirubin | Fatty acids Mucin 
tion No. | ve ee a aa » 
| Fresh Dry | Fresh ae Fresh Dy Fresh Dry 
I 161 | 158 | 36.5 | 33.3 | 1470 | 1390 | 692 | 690 
II 180 176 44.9 42.3 1630 1580 715 708 


from hog bile. Total conjugated bile acids were determined by the 
method of Schmidt and Dart (19). Bile acids conjugated with 
glycine were calculated from the determination of glycine with 
potassium trioxalatochromiate by the method of Bergmann and 
Fox (3) following hydrolysis of the protein-free filtrate of the bile 
with 12 per cent sodium hydroxide. Bile acids conjugated with 
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Tasie III 
Free Choline, Total Choline, Total Phosphorus, and Extractable Phospholipid 
of Hog Gallbladder Bile before and after Drying 
All figures, except those in parentheses, are in mg. per 100 cc. of bile; } 
the figures in parentheses are in mm per liter. (Averages of three deter- 
minations. ) 








| Extractable| Total 
=O phospho- 





Free choline Total choline | Total P 











r=] 
8 
ke | ipid* lipidt 
© i = 
Fresh | Dry Fresh Dry Fresh Dry | Fresh| Dry | Fresh | Dry 
I 


| 
| 276 | 66.1| 68.0 | 282| 79 | 1680| 442 





8.9 | 207 271 











































































































(0.74)| (17.1)| (22.4)| (22.8)| (21.3)| (21.9)) | | 
IT | 10.2 | 204 | 283 | 289 | 71.6 | 71.4 | 302 | 124 | 1750) 545 
(0.84)| (16.8)| (23.4); (23.8), (23.0) (23.0) | 
t * Calculated as oleopalmity! lecithin. 
Fi +t Calculated from the combined choline (total choline minus free cho- | 
: line) as oleopalmity!] lecithin. 
TaBie IV 
Bile Acid Analyses of Hog Gallbladder Bile before and after Drying 
All figures are expressed as gm. of hyodesoxycholic acid per 100 cc. of 
bile and are the averages of three determinations. 
Total bile acids Cholieacid | & Bydreny-S-bete- | Hyodesnnycholic 
tion No. 
Fresh Dry Fresh Dry Fresh Dry Fresh Dry 
I | 646 | 635) 0 | 0 | 0.77 | 0.71 | 5.69 | 5.64 
. Il | 6.75 | 6.71 | 0 0 0.83 | 0.79 | 5.92 | 5.92 
: . ar rr Tauro-conj ted Tauro-conjugated 
Total ted Gl ted A A - - 
| “bios "isan | qmigeee | « plescde Go" 
1 | 5.91 | 5.75| 5.49 | 5.35 | 0.42 | 0.40 | 1.30 | 1.20 
. Il 6.19 | 6.11 | 5.88 | 5.78 | 0.31 | 0.33 | 0.59 | 0.60 
TABLE V 
Physical Properties of Hog Gallbladder Bile before and after Drying 
i : : , eee es : 
| P pH F Le | Surface tension | a to)” 
tion No. 5 at Ee LES: tl. ae 
Fresh Dry Fresh Dry Fresh Dry | Fresh Dry 
1 te | ott ie | oe. Fi 
: Cc. c. per cm. per cm. 
; I 6.90 | 7.10 | 0.567 | 0.584 44.5 40.5 | 2.20 | 2.16 
i II | 6.81 | 6.97 | 0.570 | 0.588 | 49.2 | 47.1 | 2.51 | 2.39 
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taurine were calculated from sulfur determinations on the protein- 
free filtrate of bile, as described by Schmidt and Dart (19). This 
method has the serious disadvantage that high values for taurine 
are obtained when other sulfur compounds are present in the pro- 
tein-free filtrate. Thus in our determinations the sums of the 
values for glyco- and tauro-conjugated bile acids are somewhat 
greater than the figures for total conjugated acids. Therefore, 
more accurate values for tauro-conjugated bile acids are probably 
given by the difference between total conjugated bile acids and 
glyco-conjugated acids. Cholesterol was determined by the 
method of McMaster (15) with the exception of the fact that the 
colorimetric readings were made with an Evelyn photoelectric 
colorimeter with a filter which transmitted maximally at 660 my. 
Bilirubin was determined by the method of Malloy and Evelyn 
(14) with a photoelectric colorimeter. The freezing point depres- 
sion was determined by the method of Stadie and Sunderman (21). 
Surface tension measurements were made with a du Noiiy tensi- 
ometer, and viscosity was determined with an Ostwald viscosity 
pipette. 

All analyses were carried out in triplicate and the averages of 
these determinations are recorded in Tables I to V. Similar 
analyses before and after desiccation were carried out on another 
10 liter portion of hog gallbladder bile collected at another time 
and processed without delay by the same procedure. The average 
results of these analyses are recorded in Tables I to V also. 


DISCUSSION 


It may be seen from Tables I to V that, with the exception of loss 
of carbon dioxide, no change occurred in the inorganic constituents 
of the bile during the process of desiccation. This was expected, of 
course, in view of the fact that the dry material went into solution 
without the presence of any insoluble material. Some loss of 
carbon dioxide occurred, as would be expected. No significant 
change occurred in cholesterol, bilirubin, or the bile acids, though 
there was a very slight apparent decrease in some of these. So- 
dium glycohyodesoxycholate was isolated by the method of 
Wieland et al. (23) from both the fresh bile and the dried material. 
Hyodesoxycholic acid was prepared separately from the conju- 
gated bile salt from both sources, by the procedure described by 
Wieland. Both preparations of this bile acid were identical in 
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properties with the compound of Wieland, and nearly equivalent 
yields were obtained from both fresh and desiccated bile. 

The drying process produced a marked increase in the free 
choline at the expense of the combined choline. Phospholipid as 
calculated from the combined choline (total choline minus free 
choline) decreased. There was also a decrease in the amount of 
phospholipid extractable with ether-alcohol. This decomposi- 
tion of phospholipid occurred during the process of drying, as 
indicated by the fact that there was very little free choline in the 
frozen bile at the time it was placed in the vacuum dryer. How- 
ever, the decomposition of the phospholipid with the formation of 
free choline is not necessarily a result of the drying process, since 
Johnston et al. (12, 13) have shown that a similar decomposition 
occurs in fresh bile when it is allowed to stand for a period of 48 
hours or longer. Free choline in amounts found in the dried 
bile would not have a harmful effect. On the contrary, the 
presence of this compound may help to account for the beneficial 
stimulatory effect of desiccated bile upon the gastrointestinal tract, 
as reported by Winfield (25). 

The desiccated bile when redissolved in water had a slightly 
more alkaline pH, which was probably due to loss of carbon dioxide 
in the process of drying. There was little change of significance 
in the surface tension and viscosity. The slight increase in the 
depression of the freezing point was due possibly to the decomposi- 
tion of phospholipid with the formation of free choline, and 
possibly other hydrolytic products such as inorganic phosphate, 
glycerol (or glycerol phosphate), and fatty acids. 


SUMMARY 


Comparative analyses of fresh hog gallbladder bile before and 
after drying by a vacuum process are given. After the desiccation 
procedure no significant changes are found in the chemical and 
physical characteristics except that the free choline increases and 
the phospholipid shows a corresponding decrease. Bile dried 
according to the method described is quite soluble in water, and 
the solution is similar to normal bile. 
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THE RED BLOOD CELL AS A SOURCE OF THE IRON AND 
BILIRUBIN OF THE BLOOD PLASMA* 


By GEORG BARKAN anp BURNHAM 8. WALKER 


(From the Department of Biochemistry, Boston University School of Medicine, 
and the Evans Memorial, Massachusetis Memorial Hospitals, 
Boston) 


(Received for publication, September 23, 1939) 


When whole blood containing an anticoagulant is allowed to 
stand at body temperature, an increase occurs in the iron content 
of the plasma (Barkan (1)). Under similar conditions a compara- 
ble increase in the bilirubin content of the plasma occurs (von 
Czike (2)). In 1932 Barkan (3) suggested that the source of the 
bilirubin in von Czike’s experiments might not be the hemoglobin 
itself (as von Czike believed) but rather the “easily split off” 
blood iron (“leicht abspaltbares” Bluteisen), discovered by Barkan 
(4) in 1925. In 1932 the nature of the “easily split off’’ blood iron 
was not known, although the possibility was considered (3) that 
it might be an intermediary stage in the conversion of hemoglobin 
to bilirubin. In 1937, Barkan and Schales (5) demonstrated that 
the two fractions (designated by Barkan and Berger (6) as Frac- 
tions E and E’) of the “easily split off’’ blood iron are hemo- 
globin-like chromoproteins in which the protein is probably un- 
altered globin, while the prosthetic group is a heme or hemin 
derivative with an opened porphyrin ring similar to that in the 
“verdohemochromogen” of Lemberg (7). The name “pseudohemo- 
globins”’ was proposed (5) as a designation for such chromoproteins 
and “‘pseudoheme”’ or ‘“‘pseudohemin”’ for the prosthetic groups of 
those compounds, the “pseudo” compounds differing from the 
“true” ones by an opening of the porphyrin ring; the point in the 


* A part of the experimental work was done, with the technical assistance 
of Harriet Kurvits-Schnee, at the Pharmacological Institute, University of 
Tartu-Dorpat, Estonia. A preliminary paper was presented at the meeting 
of the American Chemical Society at Baltimore, April, 1939. 
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ring where the opening has occurred was designated by the ap- 
propriate Greek letter. Thus Fraction E, which consists of glo- 
bin and pseudoheme with the porphyrin ring opened probably at 
the a-methene bridge, would be designated as a-pseudohemo- 
globin; the iron has a valence of 2, as in hemoglobin. Fraction 
E’ is a similar compound with trivalent iron, and is appropriately 
designated as a-pseudomethemoglobin. By loss of iron and 
globin, the pseudohemoglobins are converted to bile pigment; 
the final product is bilirubin. Both Fractions E and E’ of the 
“easily split off’’ blood iron accompany hemoglobin in the circu- 
lating erythrocytes; both are intermediate stages in the transfor- 
mation of hemoglobin to bilirubin (5). 

In this paper, we report results of simultaneous determinations 
of iron and bilirubin in human blood plasma, before and after a 
period of incubation with its own red cells. The concepts of the 
function of the “easily split off’? blood iron outlined above de- 
mand that there be a related increase in the concentrations of 
both of these substances. 


Procedure 


Freshly drawn samples of blood (containing an anticoagulant, 
sodium polyanethole sulfonate “liquoid Roche”’) were divided into 
two or more portions. From one the plasma was separated at 
once in the centrifuge; from the others, after standing (usually 
about 6 hours) at 37°. Determinations of bilirubin and of iron 
were carried out in the several samples of plasma. Bilirubin was 
determined at first by the method of Heilmeyer and Krebs (8) 
with the Pulfrich stufenphotometer; this method was later re- 
placed by that of Malloy and Evelyn (9) with the Evelyn (10) 
photoelectric colorimeter. For the iron determination the plasma 
was incubated overnight with 0.4 per cent HCl, as recommended 
by Barkan (11). (This step is necessary in any procedure in 
which iron is to be measured in a protein-free filtrate or ultra- 
filtrate of blood serum or plasma. If omitted, a portion of the 
iron remains with the protein residue. Inclusion of this step 
permits the use of trichloroacetic acid filtrates without the loss 
of iron mentioned by Fowweather (12) and others.) Following 
incubation with HCl, protein was removed by ultrafiltration (11) 
or precipitation with trichloroacetic acid (13); the iron in the 
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protein-free ultrafiltrate or filtrate was determined either colori- 
metrically as ferric thiocyanate (11) or photoelectrically as the 
ferrous compound of o-phenanthroline, with the Evelyn (10) 
instrument. The details of this last method will be published 
elsewhere. 


Results 


Comparable results were obtained with the several methods 
mentioned above. More than 60 human blood specimens have 
been tested for increase in bilirubin and a like number for increase 
in iron. Simultaneous analyses for both iron and bilirubin were 
made in thirty human blood specimens. Among these latter an 
increase in both iron and bilirubin was observed in eighteen cases; 
in three cases there was an increase of bilirubin only; in four cases, 
of iron only. In five cases no certain increase was observed. 

It may be of interest to mention that in the series examined for 
bilirubin, no increase was detected in five out of thirty-two normal 
blood specimens (from young soldiers), while among thirty speci- 
mens from clinical cases no increase was detected in fourteen out 
of thirty specimens. We are not prepared as yet to discussany 
correlation between the changes observed and the pathological 
states involved. 

The magnitude of the changes in iron and bilirubin content can 
be seen in Table I, which represents typical cases showing an 
increase in both substances (cf. also Barkan and Schales (5) and 
Barkan (14)). In Table I are included some of those experi- 
ments in which the hematocrit reading was determined in both 
samples (at once and after standing). The results show that no 
change in cell volume, as claimed by Ernst and Hallay (15), can 
be responsible for the increase of iron and bilirubin concentration. 

Inspection of Table I indicates that the increases in iron and in 
bilirubin are never strictly equivalent, but that they are usually 
of the same general order of magnitude. This can be made more 
apparent by tabulation of the molar increase in iron and bilirubin. 
In Table II this has been done for one case only (Specimen 9 of 
Table I). 

The molar increase of bilirubin is usually (as in Table II) less 
than that of iron. This may be considered as resulting from the 
formation of intermediates or derivatives with diazo products of 
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: less or different color, or possibly not giving a diazo reaction. 
: This may also explain the lack of any detectable increase of bili- 


TABLE | 


Increase of Iron and Bilirubin in Human Blood Plasma Following Incubation 
of Whole Blood at 37° 


awiee: 
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. Specimen No. | Rane oa Bilirubin | Iron Hematocrit 
j i hrs. mg. per 100cc. | mg. per 100 ce. | per cent plasma 
; 1 0 0.33 0.168 
i 5 0.49 0.28 
- 2 0 0.71 0.063 
| 6} 0.93 0.140 
E 3 | 0 0.43 0.063 | 
6} 0.55 0.168 | 
¥ 4 | 0 0.34 0.119 | | 
: 6} 0.41 0.161 
/ 5 posing 0.50 | 0.112 
5} 0.59 0.140 
; 6 0 0.27 0.063 
3 6} 0.37 0.140 | 
: 7 0 0.28 0.112 
! 6} 0.37 0.168 
s 0 0.28 0.084 
53 | 0.39 0.140 
i) 0 0.32 0.038 65 
| 54 0.40 0.055 65 
10 0 0.68 0.982 60 
| 6 0.77 1.37 59 
t TABLE II 
Molar Increase in Plasma Iron and Bilirubin 




















Moles X 10 per liter 

‘Bilirubin | Iron 
pS ee) eee 5.48 6.81 
OG 6.86 9.86 
a cnr ert tlle ee ale ms 1.38 | 3.05 





rubin in certain cases mentioned above. If the velocity of de- 
struction or transformation of bilirubin should be greater than 
that of its formation, it is conceivable that one might observe a 
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Dependence of Bilirubin Increase upon Presence of Red Blood Cells 
































Bilirubin, mg. per 100 cc. plasma 
Specimen 1 Specimen 2 
Separated immediately............ 0.40 | 0.36 
After 24 hrs. with red cells........ 0.60 0.60 
“ 24 “ without red cells..... 0.42 | 0.34 
TaBie IV 
Failure of Inhibition by Quinine and Cyanide 
“yen Experimental conditions Bilirubin Iron 
oO. 
mg. per mg. per 
100 cc. 100 ec. 
1 | Separated immediately 0.24 
After 54 hrs. 0.42 
“ 5} “ with quinine, 6.6 mg. per 100 cc. 0.42 
ee ae ** KCN, 6.6 mg. per 100 ec. 0.43 
2 | Separated immediately 0.168 
After 6 hrs. 0.25 
“ 6 “ with KCN, 6 mg. per 100 ce. 0.25 
ee Fe ** 16.5 mg. per 100 ce. 0.25 
3 | Separated immediately 0.41 
After 6 hrs. | 0.52 
“ 6 “ ~ with quinine, 6.6 mg. per 100 cc. 0.53 
4 | Separated immediately 0.48 
After 6 hrs. 0.73 
* 6 “ with quinine, 17 mg. per 100 ce. 0.73 
5 | Separated immediately 0.28 0.084 
After 53 hrs. 0.39 0.140 
* 53 “ with quinine, 5 mg. per 100 cc. 0.38 0.140 
6 | Separated immediately 0.38 0.056 
After 53 hrs. 0.58 0.084 
“ 53 “ with quinine, 5 mg. per 100 ce. 0.57 0.084 
7 | Separated immediately 0.37 
After 24 hrs. 0.71 
“* 24 “ with KCN, 6.6 mg. per 100 ce. 0.72 
8 | Separated immediately 0.27 
After 24 hrs. 0.38 
‘“ 24 “ with KCN, 6.6 mg. per 100 ce. 0.38 
? oe ** 16.5 mg. per 100 ec. 0.39 
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decrease in bilirubin. This has, however, been observed in only 
two cases. Engel (16) has observed both formation and destruc- 
tion of bilirubin in blood subjected to sterile autolysis. 

In experiments lasting more than 6 hours the increase is ob- 
served to continue, but with diminished velocity. After 24 hours 
the increase usually is about 50 to 100 per cent of that observed 
after 6 hours. 

The presence of both plasma and red blood cells is necessary to 
obtain the results described. Barkan (17) has already reported 
that no increase in iron content is seen in a salt solution main- 
tained in contact with red cells washed free from plasma. The 
two experiments reported in Table III demonstrate that the 
increase of plasma bilirubin occurs only in the presence of red 
cells. 

This result indicates, in agreement with von Czike (2), that we 
are not dealing with a liberation of bilirubin from a compound 
in the plasma, but that there is formation of bilirubin in the red 
cells and subsequent passage into the plasma. Von Czike postu- 
lated furthermore that the formation of bilirubin from hemo- 
globin is the result of the action of a specific enzyme in the plasma. 
He based this conclusion in part upon his observations that the 
increase in bilirubin was prevented by substances like quinine and 
cyanide, well known to be inhibitory to enzymatic activity. We 
have been unable to confirm experimentally any such specific 
inhibition. Large amounts of cyanide, to be sure, exerted an 
apparently non-specific inhibitory effect. For quinine no evi- 
dence of inhibition could be observed at all. We are able to pre- 
sent numerous instances in which neither quinine nor cyanide 
had any influence upon the rate of increase of iron or bilirubin, 
using the same or higher concentrations of both substances as 
were used by von Czike. Such examples are given in Table IV; 
see also Barkan (17). 


DISCUSSION 


The absence of any specific inhibitory effect by enzyme-in- 
hibitory substances shows that there is no evidence that 
the phenomena under question result from the action of an 
enzyme. A more tenable explanation for the stepwise formation 
of bilirubin from hemoglobin with iron as a by-product may be 
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derived from the work of Barkan and Schales (5, 14). The inter- 
mediate products—pseudohemoglobins in which the porphyrin 
ring is opened without loss of iron or denaturation or separation of 
the globin—result from the action upon hemoglobin of nascent 
hydrogen peroxide; this in turn originates in the presence of oxy- 
gen, certain reducing substances (e.g. ascorbic acid), and certain 
non-specific catalysts (e.g. hemoglobin). The formation of an 
iron-containing bile pigment-globin compound described by Lem- 
berg et al. (7, 18, 19) from hemoglobin in the presence of ascorbic 
acid and oxygen is an example of what is probably a rather gen- 
eral process. Bilirubin, iron, and globin are the products of the 
breakdown of the relatively unstable pseudohemoglobins; the 
actual cleavage occurs within the red cells. For these steps no 
enzymic mechanism is demanded. 

The tendency of bilirubin to combine specifically with serum 
albumin (Bennhold (20), Pedersen and Waldenstrém (21)) and of 
iron to combine with serum globulin (5) may well have an active 
influence upon the transfer of these substances from red cells to 
plasma. It is emphatically not a simple diffusion (17). Quali- 
tative or quantitative differences in the plasma proteins, struc- 
tural variations in the membrane of the red blood cells, and vari- 
ability in the rate of further transformations of liberated bile 
pigment must all contribute to the observed variations in the rate 
of transfer. 

Assuming (perhaps without justification) that the rate of libera- 
tion of bilirubin is similar in vivo to the rate observed in vitro, 
some 15 mg. of bilirubin might be formed daily in the circulating 
blood by this mechanism. This is obviously inadequate to ac- 
count for the body’s daily production of bile pigment—about 150 
mg. of urobilin according to Watson (22). The main portion of 
bile pigment appears to be formed elsewhere than in thecirculat- 
ing blood; it seems logical to proceed on the working hypothesis 
that in general the pseudohemoglobins are the intermediate prod- 
ucts between hemoglobin and bilirubin, regardless of the place 
in which the degradation takes place. 


SUMMARY 


1. In confirmation of earlier work of Barkan and of von Czike, 
the simultaneous transfer of iron and of bilirubin from red cells 
to plasma in vitro has been demonstrated. 
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2. The amounts of iron and of bilirubin transferred are of the 
same order of magnitude, iron being usually in slight excess. 

3. The rate of transfer is variable. 

4. The observed rates are inadequate to account for more than 
a small fraction of the daily production of bile pigment. 

5. The function of the “easily split off’’ blood iron, i.e. the pseu- 
dohemoglobins of Barkan and Schales, as intermediates in bili- 
rubin production is discussed. 

6. The concept of a specific enzyme for the conversion of hemo- 
globin to bilirubin (von Czike) is refuted. 
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PHOTOMETRIC DETERMINATION OF ESTROGENS 


I. A MODIFIED KOBER REACTION FOR DETERMINING THE 
TOTAL ESTROGENS IN A MIXTURE OF ESTROGENIC STEROIDS* 


By CARL BACHMAN 


(From the Department of Obstetrics and Gynecology, School of Medicine, 
University of Pennsylvania, Philadelphia) 


(Received for publication, September 25, 1939) 


The Kober color test for the identification of natural estrogens 
(1) is a 2-phase reaction. The first effect of heating estrogens 
with the phenolsulfonic acid reagent is the production of a yellow- 
ish brown-colored solution; when this solution is chilled, carefully 
diluted with water, and then reheated, its color gives way to a 
characteristic pink. The 2-phase nature of the reaction renders 
its application to quantitative assay work somewhat tedious, 
since both the initial color production and the conversion to the 
final pink are subject to a number of variables, some of which are 
difficult to control. Moreover, although the final pink color 
obtained in the reaction appears to be common to most of the 
natural estrogens, insufficient attention has been paid to the 
observation of Cohen and Marrian (2) and of Venning, Evelyn, 
Harkness, and Browne (3) that both the speed and extent of its 
formation vary appreciably among different members of this 
group of substances; thus, assays of mixtures of estrogens by Ko- 
ber’s original method cannot give accurate results unless the 
identities and proportions of the various ingredients are known 
beforehand. 

Because of these difficulties a study of the reaction was under- 
taken, as a result of which it was found possible to simplify the 
procedure of color production, and thereby to investigate more 
extensively than has heretofore been feasible the precise chromo- 


* Aided by grants from the Penrose Fund of the American Philosophical 
Society and from the Gynecean Hospital Institute for Gynecological Re- 
search, University of Pennsylvania. 
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genic differences among three of the common estrogens, viz., 
estrone, a-estradiol, and estriol. While the chromogenic proper- 
ties of these three compounds were found to differ considerably, 
conditions were encountered under which similar concentrations 
of each of them will yield pink-colored solutions possessing the 
same absorption characteristics. The use of the simplified method 
therefore makes possible the accurate assay of mixtures of estrone, 
; a-estradiol, and estriol. 





EXPERIMENTAL 


Standard Solutions of Estrogens—Three samples of crystalline 
estriol (m.p. 276°, 278°, 278°), two of estrone (m.p. 252-255°), and 
one of a-estradiol (m.p. 178°) were investigated.! Solutions of 
each in absolute alcohol, and dilutions therefrom varying in 
; concentration from 10 to 60 y per cc. were made up at frequent 
% intervals. Each estrogen was dried in vacuo at 110° for 1 to 2 
| hours before being weighed out. 

: Preparation of Kober Color Reagent—Optimal results were 
obtained with the proportions of concentrated sulfuric acid and 
phenol recommended by Cohen and Marrian; viz., 5.6 parts by 
volume of acid to 3.6 volumes of melted phenol. When the 
necessary precautions relative to the avoidance of moisture and 
overheating in mixing the component reagents were observed, 
uniform results were obtained with eleven different batches of 
Kober’s solution, calibrated by means of his original method. It 
was found essential to use sulfuric acids of high purity.2. It was 
also found that, provided a good reagent grade of fresh phenol 
crystals? was employed, it was not necessary to distil this com- 
ponent prior to mixing with the acid; preliminary dehydration for 
24 to 48 hours in a vacuum desiccator sufficed to insure a satis- 
factory Kober solution. 

Modified Kober Color Reagent—In the writer’s modification of 
the reagent, 2 parts by volume of Kober’s original solution, pre- 
j pared as described, were diluted with 1 volume of water. 
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1 Supplies of crystalline estrone and a-estradiol were generously fur- 
nished by Dr. E. Schwenk, of the Schering Corporation; estrone and estriol 
by Dr. O. Kamm, of Parke, Davis and Company; and estriol by Professors 
E. A. Doisy and G. F. Marrian. 

The reagent grade of concentrated sulfuric acid furnished by the 
General Chemical Company, and Merck’s phenol, were found satisfactory. 
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Technique of Modified Kober Reaction—1 to 3 ce. of the appro- 
priate standard solutions of estrogens (containing 10 to 60 y) 
were introduced into each of a series of 200 X 18 mm. test-tubes, 
and the solvent was then evaporated in a stream of air with the 
tubes immersed in a boiling water bath. The residues left after 
evaporation were dried in vacuo for 1 hour. Corresponding 
volumes of alcohol were similarly treated, to serve as blanks. 

To each tube were then added 3 cc. of the diluted Kober reagent, 
and the series, preferably not exceeding eight in number, was 
immersed one tube at a time at 15 second intervals in a bath con- 
taining chlorinated diphenyl’ maintained at 150°. The careful 
handling of the tubes during the following operations was found 
to be essential for good results. Immediately upon the immersion 
of each tube its contents were stirred for 10 seconds with a glass 
rod; stirring, started 2 minutes after immersion, was repeated in 
the same order and within similar time limits. At the end of the 
reaction the tubes were plunged into an ice bath, the same inter- 
vals and stirring technique being observed here as above. After 
5 minutes in ice, the colored reaction mixtures were ready for 
photometric assay. For this purpose their volumes were made 
up to 15 cc. with diluted sulfuric acid (3 volumes of concentrated 
acid to 7 volumes of water), and then samples of the diluted 
mixtures were transferred to calibrated photometer tubes. 

Photometry—The Evelyn photoelectric photometer (4) was used 
throughout, measurements being made in four spectral regions 
isolated by means of filters giving maximal transmission of light 
at, respectively, 420, 520, 540, and 660 mu. The results have been 
plotted as extinction coefficients, « = —log 7’, where T is the trans- 
mission expressed as a fraction, rather than the per cent which is 
read on the galvanometer scale (for example, 7 = 67 per cent; 
« = —log 0.67). 

Absorption Characteristics of Colored Solutions—Fig. 1 illustrates 
the variations, measured in two spectral regions, in the absorption 
characteristics of the colored solutions obtained after 60 y of es- 
trone, a-estradiol, or estriol were heated for varying periods of 
time with the diluted Kober reagent. The curves at 520 my 
represent absorption probably by the pink, or major, component 
of the final colors. The curves at 420 my represent absorption 
probably by the yellow-brown pigment, which is the first colored 


* Aroclor 1242, Monsanto Chemical Company. 
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product to be formed in the reaction and from which the pink 
product is ultimately derived. The formation and conversion 
proceed together in this reaction, instead of in separate stages 
as is the case with the original Kober method. 

For each of the estrogens there is a point of maximal color 
development, as judged by the intensity of the absorption, beyond 
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equivalent amounts (60 y) of three estrogens for varying periods of time 
with the modified Kober reagent; Curve 1 = a-estradiol, Curve 2 = es- 
trone, Curve 3 = estriol. The photometer readings were made imme- 
diately after the completion of the heating periods. 

Fig. 2. Same as Fig. 1. The photometer readings were made 1 hour 
after the completion of the heating periods. 


which continued heating at 150° causes progressive deterioration. 
The velocities attending these phenomena appear to be character- 
istic and reproducible for each estrogen. The absorption obtained 
at 520 mu with equivalent amounts of estrone and estriol differs 
as much as 300 per cent after 4 minutes of heating, while absorp- 
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tion becomes equivalent for equal concentrations of all three 
substances after 9} minute@ of heating. 

Experiments have shown that variations in the make-up of 
reagents and in the temperature at which the reaction is run alter 
the time at which equivalent absorption is obtained. Despite 
these variations, however, the absorption time curves, though 
shifted, maintain the same forms and relations. The character- 
istic forms may be demonstrated even with the original Kober 
method. Under all the conditions which were studied a-estradiol 
produces the pink-colored solutions more rapidly than do the 
ketone and the triol, the latter being the slowest of the three to 
do so. 

Stability of Colored Solutions—Fig. 2, when compared with 
Fig. 1, shows that slight changes in the absorption characteristics 
of the colored solutions occur during the Ist hour following their 
dilution, if the solutions are allowed to stand at room tempera- 
ture. These changes represent primarily a further conversion of 
brown to pink which continues at room temperature if the heating 
is stopped prior to the time required for full color conversion at 
150°. At 150° complete conversion in the case of estradiol is 
attained only after 7 minutes, with estrone only after 9 minutes, 
and with estriol only after 11 minutes of heating. The equiva- 
lence in absorption at 520 my which is observed among the three 
estrogens after 9} minutes of heating therefore obtains only if the 
tubes are read promptly after chilling, since the reaction is in- 
complete with respect to conversion in the case of estriol; after 
1 hour of standing at room temperature a gain of 6 per cent in 
absorption at 520 my is ébserved with this estrogen. 

Irrespective of the duration of heating, a subsequent standing 
for 1 hour at room temperature suffices to complete the conver- 
sion of any residual yellow-brown material to pink. In the 
succeeding 24 hour period the colored solutions remain stable with 
respect to their qualitative absorption characteristics, but ab- 
sorption values at 520 my diminish about 10 per cent. This slight 
fading may be obviated, if desired, by increasing the proportion 
of acid in the sulfuric acid solution utilized as a diluent at the end 
of the heating period. 

Relation of Absorption to Concentration of Chromogen—Fig. 3 
illustrates the fact that when the reaction is run for 9} minutes, 
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which is the period required for obtaining equivalent absorption 
with all three estrogens, the relationsltip between the absorption 
at 520 my and all concentrations of chromogen between 10 and 
60 y is linear. Under the conditions employed, such concentra- 
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Fia. 3. Relationship between absorption at 520 my and concentration of 
estrogen after 9} minutes of heating with the modified Kober reagent. 











TABLE | 


Use of Modified Kober Reaction for Determination of Total Estrogen in 
Estrone-Estriol Miztures 























Chromogen 
— a € (520 my) 
Estrone Estriol Total 

7 7 7 
Controls 60 0 » @ 0.359 
0 60 60 0.354 
Mixtures 10 50 60 0.352 
20 40 60 0.357 
30 30 60 0.357 
40 20 | 60 0.360 
50 10 | 60 0.361 





tions also represent the range within which accurate work may be 
done with the type of photometer used. 

Duplicability of Results with Different Batches of Color Reagent— 
When 60 y of estriol were used as chromogen, the following values 
for « at 520 my were observed with six different reagent solutions 
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prepared over a 10 month period, 0.355, 0.355, 0.351, 0.355, 
0.351, 0.361. Two batches of reagent, kept at room temperature 
in a dark cupboard, were tested periodically during an interval of 
24 months and showed no deterioration. 

Determination of Total Estrogen in Estrone-Estriol Mizxtures— 
Data concerning the utilization of the modified reaction for this 
purpose are listed in Table I. The results indicate that the 
absorption at 520 my represents the sum of the absorptions which 
would be expected for the labeled concentrations of each ingredient 
of the mixture if tested individually, and that therefore no modify- 
ing factors are encountered when the reaction is applied to mix- 
tures. This was confirmed for other combinations of estrone, 
estradiol, and estriol. The applicability of the reaction to urine 
extracts was also verified. 


DISCUSSION 


The observation that estriol, as compared with estrone and 
estradiol, forms pink-colored solutions rather sluggishly with 
phenolsulfonic acid does not appear to support the results of 
Marrian (5), who finds that this substance is more active than 
estrone in producing the characteristic pink-colored pigment of the 
Kober reaction. Marrian’s results, however, are based upon 
studies in which diluted sulfuric acid was substituted for phenol- 
sulfonic acid as a color reagent. We can confirm the fact that 
certain dilutions of sulfuric acid will indeed promptly produce a 
pink color with estriol, and not with other estrogens; a 2:1 (by 
volume) mixture of concentrated acid and water will in fact do so 
in the cold. When, however, estrogens are tested with 2:1 sulfuric 
acid by Kober’s original method, the initial pink color formed with 
estriol gives way to the usual yellow-brown color of the first stage 
of the Kober reaction, the same color being likewise yielded by the 
other estrogens; upon dilution and further heating, the character- 
istic final pink color develops with all three substances, but does 
so most slowly with estriol. Clearly, therefore, the development 
of pink colors with estriol and sulfuric acid proceeds through 
phases not observed with other estrogens. It is conceivable that 
the first pink phase may be absent in reactions in which phenol- 
sulfonic acid is utilized. Under such conditions, only the second 
phase, wherein estriol appears to be more sluggish than the other 
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estrogens, would be observed. Such a view would satisfactorily 
reconcile the apparent discrepancy between the results of Marrian 
and those recorded here. The question may require further 
examination, however, in view of the important conclusions of 
Marrian that the basic red pigment under these varying conditions 
is the same (an oxonium salt of sulfonated 16,17-diketoestra- 
trienol-3) and that the immediate precursor of this pigment is 
also formed in the metabolism of the estrogens. 


It is a pleasure to acknowledge the capable assistance of Miss 
Dorothy Seymour. 


SUMMARY 


A modification of Kober’s reaction for the development of colors 
with estrogenic steroids and phenolsulfonic acid is described. It 
consists of substituting for the original sulfonic acid reagent a 
dilution of the same with water, and running the reaction at 150° 
instead of 100°. 

The use of the modified reaction has made feasible an examina- 
tion of the chromogenic properties of estrone, a-estradiol, and 
estriol, and has led to the elaboration of conditions under which 
the total content of a mixture of these three substances may be 
accurately determined. 
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PHOTOMETRIC DETERMINATION OF ESTROGENS 
II. A NEW COLOR REACTION FOR ESTRIOL* 


By CARL BACHMAN 


(From the Department of Obstetrics and Gynecology, School of Medicine, 
University of Pennsylvania, Philadelphia) 


(Received for publication, September 25, 1939) 


Apart from the David reaction for estriol (1), there have been 
no specific color reactions which could be utilized for identifying 
individual members of the group of natural estrogens in an extract 
containing mixtures of such steroids. The relative insensitivity 
of the David test, moreover, and certain drawbacks attending its 
use, which have been pointed out by Pincus et al. (2), have pre- 
vented its wide adoption. Marrian (3) has recently announced a 
new estriol reaction but has presented no detailed description of 
it to date. 

During a study (4) of Kober’s color reaction (5) for estrogens, 
search for a substitute reagent, which might cause less charring of 
urine extracts than the original phenolsulfonic acid reagent, dis- 
closed that when estrogens were heated with a mixture of phos- 
phoric acid and sodium p-phenolsulfonate at temperatures 
exceeding 100°, a violet-pink color formed with estriol, whereas 
little if any color developed with other steroids. Since further 
examination confirmed that this reaction was highly specific for 
estriol, it was studied in detail with a view to standardizing the 
conditions necessary for its useful employment in an analytic 
method. . 


* Aided by grants from the Penrose Fund of the American Philosophical 
Society and from the Gynecean Hospital Institute for Gynecological Re- 
search, University of Pennsylvania. 
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EXPERIMENTAL 


Estrogen Standards—The purity of the crystalline estrogens! 
and the preparation of the standard solutions for testing have 
been described in Paper I (4). 

Preparation of Color Reagent—2 gm. of sodium p-phenolsulfonate 
(Eastman), dissolved in 100 cc. of 85 per cent phosphoric acid 
(reagent grade), gave optimal results. Solution of the sulfonate 
in the acid may be accelerated by gentle heating. With a good 
reagent grade of sulfonate recrystallization was found to be 
unnecessary. 

Technique of Reaction—Into each of the tubes containing 10 
to 60 y of the estrogen to be tested, as well as into the accompany- 
ing control tubes, 15 cc. of reagent are accurately introduced, and 
the combined set of tubes is then immersed for 9 minutes in a bath 
containing chlorinated diphenyl maintained at 150°. At the end 
of the heating, the reaction is arrested by chilling the tubes for 5 
minutes in an ice bath. The details of the immersion and stirring 
technique are the same as those outlined in Paper I. 

Photometry—The instrument used and the technique followed 
were those described in Paper I. Measurements were made 
directly upon the reaction mixtures without dilution. 

Absorption Characteristics of Colored Solutions—Fig. 1 illustrates 
the absorption characteristics of the colored solutions obtained 
in the reaction with equivalent amounts (60 y) of estriol, a-estra- 
diol, and estrone. For comparison, the absorption curve obtained 
in the modified Kober reaction (4) with similar amounts of all 
three substances is shown. In the new reaction the pink-colored 
solutions yielded by estriol show maximal absorption at 540 mu, 
whereas in the Kober reaction this occurs at 520 my. With all 
three estrogens a greenish fluorescence is also produced by the new 
reagent. This phenomenon does not interfere with the differen- 
tiation of the substances either visually or photometrically, if the 
determination is carried out with samples not exceeding 60 y of 
estrogen. 


1 Supplies of crystalline estrone and a-estradiol were generously fur- 
nished by Dr. E. Schwenk, of the Schering Corporation; estrone and estriol 
by Dr. O. Kamm, of Parke, Davis and Company; and estriol by Professors 
E. A. Doisy and G. F. Marrian. 
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Specificity»—A number of steroids, as well as simple phenols, 
were tested with the reagent, 100 y samples being used. £- 
Estradiol gave a very weak pink tint with strong greenish fluores- 
cence. The following estrogens gave weak brown or orange- 
brown tints, mostly with greenish fluorescence, equilin, 17-di- 
hydroequilin, and both 17-dihydroequilenins. Dehydroisoan- 
drosterone and A*-pregnenol-3-one-20 turned yellow in the cold 
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Fic. 1. Absorption characteristics of the colored solutions obtained from 
equivalent amounts (60 y) of three estrogens with use of the phosphoric 
acid reagent; Curve 1 = estriol, Curve 2 = a-estradiol, Curve 3 = estrone. 
For comparison, Curve 4 = the absorption curve obtained with equivalent 
concentrations of all three estrogens by the use of the modified Kober 
reagent. 

Fic. 2. Relationship between absorption at 540 my and concentration 
of estrogen; Curve 1 = estriol, Curve 2 = a-estradiol, Curve 3 = estrone. 


and, upon heating, passed through color changes from pale reddish 
brown to a final pale dirty brown. A weak yellow or yellowish 
brown was observed (after heating) with androsterone, isoandro- 
sterone, testosterone, etiocholanol-3(a)-one-20, progesterone, 


* Samples of crystalline sterols were kindly made available for these 
tests by Dr. O. Wintersteiner, Dr. R. Schoenheimer, and Dr. H. 
Hirschmann. 
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pregnanediol, and sodium pregnanediol glucuronidate. The 
following steroids gave no color, cholesterol, dihydrocholesterol, 
cholestanone, cholestenone, coprosterol, epicoprosterol, and copro- 
stanone. The simple phenols which were tried were also non- 
chromogenic. Diethyl stilboestrol gave a weak brown color. 

Relation of Absorption to Concentration of Chromogen—Fig. 2 
shows that within the limits of the amounts of estriol which could 
be tested with the photometer under the conditions employed, 
the relationship between the absorption at 540 my and the con- 


TABLE I 
Determination of Estriol in Estriol-Estrone Mixtures 























| Modified Kober | Phosphoric acid 
reaction | reaction 
Chromogen Total Fe . 
«(520 my) | FTOBED | 6(540 my) | yoo 
(c) ; # 
Y Y 
Calibration of reagents | 
sg ne RE 0.00590 | 0.00663 | 
CO Se 0.00598 0.00128 
Estriol-estrone mixtures 
I ieee iat ee ks Wigs evn a a | 0.361 60+ | 0.133 10.5 
| le a AS | 0.360 60+ | 0.185 20.2 
is ols eet ns thee ain | 0.357 60 0.237 30.0 
ah oo ages Aa flies | 0.357 60 0.290 39.8 
er eal hh as ons arn) 0.352 60— | 0.344 | 50.0 








: , «(540 ong) — 0.00128 x Cc 
° the calibrat y= — 
From the calibrations, y 0.00863 — 0.00128 

t Determined by testing 60 y of estrogen, and then dividing the result 
by 60. 


centration of estriol was linear. This relationship, however, was 
found to depend upon the time of heating and upon the volume of 
reagent employed. The optimal time of heating at 150° was 
8 to 10 minutes. The volume of reagent employed was of more 
importance than the concentration of the sulfonic salt dissolved 
therein. When less than 15 cc. of the reagent was used, linear 
relationship no longer obtained even with concentrations below 
60 y of estriol. 

Tests indicated that the colored solutions were stable for at 
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least 24 hours, absorption at 540 my decreasing less than 3 per 
cent during that period of standing at room temperature. 

Duplicability of Results with Different Batches of Reagent— 
When 60 y of estriol were used as chromogen, the following values 
for « at 540 my were observed with six separate reagent solutions 
prepared over a 13 month period, 0.412, 0.413, 0.403, 0.400, 0.400, 
0.403. These figures represent excellent duplicability. More- 
over, two batches of reagent, kept at room temperature in a dark 
cupboard, were tested with 60 y of estriol periodically during an 
interval of 6 months. No deterioration of the reagent was ob- 
served. 

Determination of Estriol in a Mixture of Estrogens—A combina- 
tion of the present test with the modified Kober reaction described 
in Paper I makes it possible to calculate with accuracy the amount 
of estriol in a mixture containing also either estrone (as in the 
example shown in Table I) or a-estradiol. For this purpose it is 
first necessary to determine the total estrogen content of an aliquot 
of the unknown mixture by means of the modified Kober reaction 
(4), and then to run a determination upon a second aliquot with 
the new phosphoric acid reagent. The two determinations may 
now be utilized for obtaining the proportion of estriol in the mix- 
ture with the aid of the equation, 

e(mixture) — «(1 y estrone) X C 


«(1 y estriol) — «(1 y estrone) 





where y = y of estriol in the mixture, and C = concentration in 
y of total estrogen determined by the modified Kober reaction; 
the « values are those determined with the phosphoric acid re- 
action at 540 mu. This method is essentially similar to that em- 
ployed for the accurate spectrophotometric determination of mix- 
tures of two substances (6), except that it appears sufficiently 
accurate under our conditions to employ data obtained at one 
wave-length only. 

The absorption obtained at 540 my upon heating the phos- 
phorie acid reagent with mixtures of estrone and estriol equals 
the sum of the absorptions obtained with the component concen- 
trations of the two estrogens tested separately (see Fig. 2); it is 
thus clear that the application of the new reagent to mixtures of 
these estrogens does not modify the characteristic chromogenic 
properties of either compound. 
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The reaction described has been studied over a period of 18 
months, during which time its dependability has been thoroughly 
examined, and the feasibility of its application to pregnancy urine 
extracts verified. 


It is a pleasure to acknowledge the capable assistance of Miss 
Dorothy Seymour and Dr. Renate Kocholaty. 


SUMMARY 


A specific color reaction for estriol is described. It consists of 
heating the estrogen at 150° with a reagent made up of sodium 
p-phenolsulfonate in phosphoric acid. A violet-pink color is 
produced, which is stable. The conditions for the application of 
the reaction to assay work are discussed, and a method described 
whereby it may be used for determining estriol in the presence of 
estrone. 
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THE EXCRETION OF KYNURENIC ACID BY MEMBERS 
OF VARIOUS FAMILIES OF THE ORDER CARNIVORA* 


By RICHARD W. JACKSON 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, October 3, 1939) 


The production of kynurenic acid from tryptophane by some 
animals and not by others constitutes an interesting differentiation 
from the standpoint of comparative biochemistry. The literature 
on the ability of various mammalian organisms to synthesize and 
excrete kynurenic acid was summarized in a previous paper by 
Gordon, Kaufman, and Jackson (2). These authors discovered 
that the guinea pig excretes the compound, and by means of the 
methyl ester derivative authenticated the identity of specimens 
derived from the dog, rat, guinea pig, and rabbit. Experiments 
on the cat revealed that the administration of relatively large 
amounts of tryptophane failed in every instance to yield any 
detectable amount of kynurenic acid. Subsequently, Ichihara 
and Goto (3) reported positive results on the rat, mouse, and 
guinea pig and on man, and negative results on the cat and the 
rooster. 

All of the studies thus far recorded with respect to the excretion 
of kynurenic acid, except for the experiments on the cock, have 
been confined to members of the mammalian class. Among the 
mammals, the rabbit, rat, mouse, and guinea pig, representing 
three different families of the order Rodentia, all excrete the 
compound. These findings suggest the possibility of uniformity 
in this regard throughout an entire order. Although such a 
thesis is not borne out in the case of the Carnivora, it is still 
conceivable that a uniform response might be found to hold for 
each family of this order. The dog and coyote of the family 
Canide give a positive result, but the domestic cat, representing 


* A preliminary abstract has been published (1). 
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the Felide, gives a negative one even under most favorable condi- 
tions. The only evidence opposed to the inference of a differen- 
tiation as to kynurenic acid production by these two families is 
the work of Capaldi (4) who was unable to detect the substance 
in the urine of the fox and wolf. Nevertheless, it appeared 
possible, as pointed out by Gordon, Kaufman, and Jackson (2), 
that these members of the Canide, if given suitable amounts of 
tryptophane, would be found also to produce kynurenic acid. 

The present investigation of representative members of the 
Carnivora was undertaken to secure further data concerning a 
possible correlation between the excretion of kynurenic acid and 
zoological classification which is based upon anatomical consider- 
ations. It was our purpose to determine whether experiments 
on additional members of the Felid# would, like those on the do- 
mestic cat, prove negative, and whether studies of other repre- 
sentatives of the Canida, particularly of the fox and wolf, would 
indeed yield further positive findings. Finally, we wished to 
conduct exploratory experiments on species selected from several 
other families of the Carnivora. 


EXPERIMENTAL 


The animals employed were generously placed at our disposal 
at the hospital of the New York Zoological Park.' Inasmuch as 
experience had revealed the futility of analyzing random samples 
of urine occasionally collected by the keepers, preparations were 
made for placing each subject in a suitable metabolism cage so 
that quantitative collection of urine could be made subsequent to 
the administration of tryptophane. For the smallest species, the 
genets, a rabbit metabolism cage was employed, whereas for the 
largest, the Tibetan bear, a heavy crate constructed for the ship- 
ment of bears was equipped with a urine-collecting pan. All of 
the other animals were confined in a special metabolism cage of 
about 4 feet in each dimension. A detailed description of the two 
larger cages and their use has been presented elsewhere (5). 

The animal subjects were maintained during the experimental 


1 The author wishes to acknowledge the hearty cooperation of the late 
Dr. Charles V. Noback, of Dr. Charles R. Schroeder, and of their asso- 
ciates at the Zoological Park. 
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period on diets composed exclusively or largely of flesh, and the 
administration of extra tryptophane was accomplished by incor- 
porating the amino acid in the first portions of the food. In most 
cases, the powdered tryptophane was sprinkled in a layer on the 
interior surfaces of two thin slices of lean meat left attached along 
one edge. The amino acid was worked into the meat with slight 
moistening if necessary, and then the two flaps were closed to form 
a kind of sandwich which was readily taken. For the sea-lion, 
the tryptophane was placed inside of butter fish which were 
swallowed whole, and for the raccoon, the amino acid was inserted 
in the central portion of bananas. Inasmuch as the subjects were 
accustomed to being fed only once daily, advantage was taken of 
this practice to insure their appetite at the beginning of the 
experimental period, and each animal was closely watched until 
the food containing the tryptophane had been completely con- 
sumed. Subsequently, as much meat was given as the subjects 
would eat, to increase the intake of tryptophane from this source. 
Although a few of the animals were nervous after removal from 
their usual quarters to the metabolism cages and delayed their 
attack on the food offered, none evinced any noticeable concern 
over the tryptophane, which was certainly not completely dis- 
guised. 

The urine was collected in every case directly from the metab- 
olism cage into a bottle containing toluene. At the end of the 
period, the specimen was immediately filtered at room tempera- 
ture to remove hair or occasional slight contaminating fecal 
material. Samples were then taken for analysis and the remainder 
of the urine stored under toluene at 5°. All urines were analyzed 
in duplicate and those which were found to contain no kynurenic 
acid were subjected to a third single analysis. The aliquots 
employed varied from one-twentieth to one-fourth of the total 
urine volume. The analytical procedure employed was pat- 
terned closely after the isolation scheme of Capaldi (6) and is as 
follows: 

The aliquot of urine is treated with a slight excess of the defecat- 
ing reagent containing 100 gm. of barium chloride dihydrate and 
50 ec. of concentrated ammonia per liter. The volume of reagent 
required varies from approximately one-third to one-half of the 
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volume of urine taken. The mixture is centrifuged, and the pre- 
cipitate washed with a small volume of dilute ammonia? and 
centrifuged again. The original mother liquor and the wash fluid 
are concentrated in an evaporating dish over the steam bath to a 
volume varying from one-sixth to one-third of the original volume 
of the urine sample, and quantitatively transferred to a small 
Erlenmeyer flask. Concentrated hydrochloric acid is now added 
gradually until Congo red paper registers a blue color. The ma- 
terial is placed in the refrigerator at 5° for at least 3 days and then 
centrifuged progressively in a single 15 ce. pointed tube until all 
of any precipitated substance is collected. The precipitate is 
washed with a small amount of water and once more centrifuged 
and the wash water discarded. The precipitate in the centrifuge 
tube is now extracted twice with dilute ammonia with centrifuging. 
The extracts are decanted into a clean 15 ec. centrifuge tube and 
then acidified with hydrochloric acid as described above. At 
this point, the volume in our experiments generally was from one- 
twenty-fifth to one-tenth of the original volume of urine taken. 
The tube is kept at 5° for 1 day or longer to permit precipitation 
to take place. The precipitate, if there is any, is now centrifuged 
off, washed with a small amount of cold water onto a small suction 
filter, dried at 110°, and weighed. 

All specimens of kynurenic acid secured in this study were char- 
acterized by a melting point with evolution of gas in the range of 
265-275° (corrected) and by a positive Jaffe test (7). The samples 
were further purified in the following manner. Each was dis- 
solved in dilute sodium hydroxide and the solution heated to the 
boiling point. Just sufficient dilute hydrochloric acid was added 
to give a very slight precipitate and then the resulting turbid 
solution was treated with bone-black and filtered. Finally, the 
kynurenic acid was precipitated by gradual addition of dilute 
hydrochloric acid to the hot filtrate. The ultimate step in the 
identification of each sample was to convert a 100 mg. portion of 
the purified acid to the methyl ester by the procedure described 
previously (2), and to compare the melting point of the product 
with that of an authentic analyzed specimen of the ester. In this 


2The term ‘dilute ammonia” refers, wherever used, to a solution of 
concentrated ammonia diluted 1 to 25 volumes. 
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connection, it may be noted that it was found possible to shorten 
the time of the esterification process from 5} to 4 hours. 

Some of the urines which failed to give evidence of kynurenic 
acid did nevertheless yield other precipitated material, e.g. uric 
acid, in the Capaldi procedure. In this event, the precipitate was 
carefully examined by means of the Jaffe color reaction. If the 
precipitate was small, the first step was simply to extract or to 
dissolve it in dilute ammonia. If the precipitate was consider- 
able, it was extracted with dilute ammonia solution® saturated 
with ammonium chloride, in line with the principle employed by 
Homer (8) for the separation of uric acid. In the presence of 25 
mg. of uric acid, 5 and 25 mg. of kynurenic acid gave by this 
method recoveries of 3.6 and 22.2 mg., respectively, following the 
extraction with 10 ce. of ammonia-ammonium chloride solution 
and precipitation with hydrochloric acid. The procedure proved 
effective also in eliminating contaminants other than uric acid, 
e.g. protein, which was present in small quantities in the urine of 
the Tibetan bear and which proved very troublesome by depositing 
in the precipitate under examination. An aliquot of the ammo- 
niacal extract with or without the ammonium chloride was now 
measured into a small, clean, porcelain dish and evaporated to 
dryness on the steam bath. For the Jaffe test, 3 drops of a satu- 
rated solution (about 7 per cent) of potassium chlorate were added 
and then 5 drops of concentrated hydrochloric acid. The material 
was evaporated to dryness on the steam bath, and the dish allowed 
to cool. Finaily, 2 or 3 small drops of concentrated ammonia 
were added carefully at the border of the thin dried layer of 
residue. Whenever the material fractionated from the urine 
gave a negative reaction, it was then demonstrated that the pre- 
liminary addition of 0.1 mg. of kynurenie acid* would result in 
the appearance of the characteristic green color. In this manner, 
all precipitates secured by the Capaldi procedure from negative 
urines were shown to give no trace of a color test for kynurenic 


* For control experiments, a solution containing 1 mg. of synthetic 
kynurenic acid (the monohydrate) per cc. was prepared by converting the 
acid to its sodium salt with an equivalent amount of sodium bicarbonate. 

‘ Tests with pure kynurenic acid demonstrated that as little as 0.02 mg. 
gives a slight but definitely positive Jaffe reaction. 
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acid, although the addition to the test solutions of traces equivalent 
to only a few mg. for the entire urine sample gave unmistakable 
positive tests. 

The absence of kynurenic acid in all urines recorded as negative 
was further checked by the recovery of kynurenic acid added to 
the original urines. In these control experiments, the complete 
isolation and identification scheme was carried through as de- 
scribed above. Although the amounts of kynurenic acid added 
were generally in the region of recovery limits, we did not attempt 
exact determinations of these limits. 


DISCUSSION 


The principal findings of our study are presented in Table I. 
The serval and even the cheetah with some canine characteristics, 
as had previously been found for the domestic cat, gave no evi- 
dence of the excretion of kynurenic acid. Thus, these three 
members of the family Felide apparently do not synthesize the 
substance. Negative results were secured also on the civet and 
genet (Viverride), Tibetan bear (Urside), raccoon (Procyonide), 
and sea-lion (Otariide). On the other hand, the coyote, wolf, and 
red fox, like the dog, were demonstrated to excrete kynurenic acid 
following the administration of tryptophane. Our work on the 
coyote confirms that of Swain (9). All members of the family 
Canide so far examined, therefore, have the ability to effect the 
conversion. The hyena (Hyznide) and the badger (Mustelide) 
also excrete kynurenic acid under similar experimental conditions. 
Only three families of the Carnivora have been examined with 
respect to more than one representative, but the data for these 
three families are consistent with the hypothesis that the presence 
or absence of the metabolic process under consideration follows 
along family lines. In other words, no qualitative exception has 
appeared among the results for any one family. 

With regard to the validity of the experimental results reported 
herewith, two points merit further consideration. In the first 
place, the amounts of tryptophane administered in the various 
tests were not proportional to the body weights of the subjects. 
Though such a proportionality scheme would seem preferable, its 
application would have entailed curtailing the dosage employed 
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for the smallest animals or giving an enormous amount to the 
largest animal. Our procedure was therefore simply to give as 
much tryptophane in each case as appeared feasible under the 
conditions of our experiments. Moreover, every animal was 
ingesting liberal quantities of meat or fish and must have received 
a notable quantity of the amino acid from these sources.’ It 
may be recalled that both the dog and coyote were first shown to 
excrete kynurenic acid without fortification of the diet with free 
tryptophane. In this connection, we failed, however, to find 
kynurenic acid in any urines collected subsequent to the trypto- 
phane period, although in all experiments, when the first collection 
period following the administration of tryptophane was limited 
to approximately 24 hours, we collected and analyzed the urine 
voided during the next 24 hours. 

The second point concerns the accuracy of the methods em- 
ployed for the detection and estimation of kynurenic acid present 
in urine. We have already referred to the quite sensitive nature 
of the tests made on the acid-precipitated fraction obtained in the 
Capaldi method. The previous step, that involving the isolation 
of this fraction from the urine, is less satisfactory. In the recovery 
experiments embracing the complete procedure, it was twice 
found, for example, that the equivalent of 100 mg. of kynurenic 
acid added to the urine output of the sea-lion for the experimental 
period could not be detected. Although this result is hardly 
surprising in view of the fact that the procedure is one neces- 
sitating isolation and that the urine samples in question contained 
materials yielding over 40 gm. of nitrogen alone, it is obvious that 
an improved analytical procedure for kynurenic acid would be 
most welcome. At all events, the smallest observed output of 
kynurenic acid, that secured from the coyote, was 166 mg., an 
amount shown to be detectable in five of the urines reported as 
negative and sufficient to be identified, we believe, in the remain- 
ing two instances of negative findings. In no case did we encoun- 
ter any inconsistent results in the analytical work. All tests on 


5 Jones, Gersdorff, and Moeller (10) have found the protein substance 
of both ox and fish (halibut) muscle to contain 1.25 per cent of tryptophane. 
Since protein material probably comprised 20 to 25 per cent of the lean 
meat fed, 1000 gm. of the latter should have furnished 2.5 to 3 gm. of tryp- 
tophane. 
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any one urine sample and also on all specimens from a given species 
were either entirely negative or uniformly positive. 


SUMMARY 


The results of a comparative study of kynurenic acid excretion 
by twelve different species selected from eight different families 
of the order Carnivora have been presented. 

Following the administration of tryptophane, the following were 
found to excrete the compound, hyena, coyote, wolf, fox, and 
badger, whereas negative results were secured with the serval, 
cheetah, civet, genet, bear, raccoon, and sea-lion. 

The data, in so far as they deal with more than one species of 
one family, are compatible with the hypothesis that the excretion 
of kynurenic acid or its failure to be excreted may be entirely 
uniform for each family of the Carnivora. 
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GLYCINE, N,N-DIMETHYLGLYCINE, AND BETAINE FOR THE 
SYNTHESIS OF HIPPURIC ACID BY THE RABBIT* 
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Interest in methylation and demethylation processes in the 
body and in the intermediary metabolism of amino acids has led 
to the biological investigation of many methylated compounds. 
In particular, the N-monomethyl derivatives of certain essential 
amino acids have been studied in connection with their ability 
to replace the unsubstituted amino acids for purposes of growth in 
the diet of the young white rat. This method has been useful 
in the study of the N-methyl derivatives of a number of the es- 
sential amino acids, and by its use it has been found that the 
a-N-monomethyl derivatives of dl-histidine (1), /-tryptophane 
(2, 3), dl-methionine (4), l-phenylalanine (5), and J-cystine (6) 
could replace the corresponding unsubstituted amino acids in the 
diet. The a-N-monomethyl derivatives of dl-lysine (7), dl- 
valine, dl-leucine, and dl-isoleucine (5) were not utilized for pur- 
poses of growth. The N-monomethy! derivatives of the d forms 
of those essential amino acids which have been studied experi- 
mentally, e.g., cystine (6), tryptophane (2), and phenylalanine 
(5), were not utilized for growth by the white rat. 

This method, however, cannot be used for the study of those 
amino acids which are readily synthesized by the organism. 
Knowledge of the metabolism of the N-methyl] derivatives of these 


* Preliminary experiments with N-methylglycine were carried out in 
this laboratory in the summer of 1936 by Dr. Victor J. Tulane of Howard 
University. 
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amino acids is also desirable. The metabolism of the simplest 
amino acid, glycine, and of its N-methyl derivatives is in large 
part unknown. 

That sarcosine (N-methylglycine) is metabolized to some ex- 
tent in the body is shown by the work of Knoop and Oesterlin 
(8), and of Friedmann (9), while the work of Salkowski (10) 
and of Brand and Harris' indicates that the nitrogen of sarcosine 
is excreted in part as urea. 

Interest in betaine has recently been stimulated by the discovery 
that this compound has lipotropic activity similar to but less than 
(30 per cent) that of choline (12, 13). The betaines have usually 
been considered as undergoing no physiological change, although 
certain authors (14, 15) have postulated the occurrence of de- 
methylation. Partial demethylation, if it occurs with betaine, 
would give rise to N,N-dimethylglycine, which has also been 
included in the present series for the sake of completeness. The 
a-N ,a-N-dimethyl derivative of dl-lysine has been shown to 
be unavailable for growth (7), as was N , N-dimethyl-dl-phenyl- 
alanine (5). Neither the betaine of dl-tryptophane (16) nor of 
l-cystine (17) can replace the corresponding amino acid for pur- 
poses of growth of rats on a deficient diet. 

In the case of glycine we have a convenient method for the study 
of the possible conversion of the N-methyl derivatives to the amino 
acid by observation of the effect on the rate of excretion of hippuric 
acid formed when the derivative and benzoic acid are simultane- 
ously administered to rabbits. Griffith and Lewis (18) found that 
glycine when administered (in 3 molecular equivalents) with 
benzoic acid almost doubled the rate of excretion of hippuric acid 
as measured by the urinary output in the first 6 hours after feeding. 
None of the other amino acids studied affected the rate of excre- 
tion in this way. In the present study it has been possible to 
show that N-methylglycine (sarcosine), when fed with benzoic 
acid, increases the rate of excretion of hippuric acid, whereas 
N ,N-dimethylglycine and betaine do not. 


EXPERIMENTAL 


Sarcosine was prepared by the method of Baumann (19), and 
the sodium salt of N ,N-dimethylglycine according to Michaelis 


1 Brand, E., and Harris, M. M., unpublished experiments (1935), cited 
by: Gordon and Jackson (11). 
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and Schubert (20). The betaine hydrochloride, glycine, and 
alanine were commercial products. Nitrogen analyses of all the 
compounds used were close to theoretical, attesting their purity. 
The sarcosine was free from amino nitrogen contamination (¢.g., 
glycine), as shown by Van Slyke amino nitrogen determinations. 

Male rabbits weighing from 2 to 3 kilos were used. Benzoic 
acid was given at a constant level, 0.66 gm. per kilo of body 
weight, and the glycine and derivatives at a level of 3 molecular 
equivalents of the amount of benzoate fed. The benzoic acid 
(as the sodium salt) alone, with glycine, or with one of the deriva- 
tives under investigation was given in solution by stomach tube. 
When the sodium salt of N,N-dimethylglycine or the hydro- 
chloride of betaine was fed, the solution was always neutralized 
before the addition of the sodium benzoate. 6 and 18 hour urine 
specimens were collected, the bladder being emptied by gentle 
pressure on the abdominal wall. The animals were fed a constant 
diet of 75 gm. of oats and 100 gm. of cabbage per day. Food was 
not given until late in the afternoon after the urine of the 6 hour 
experimental period was obtained. Analyses were begun im- 
mediately. 

Hippuric acid was determined by the method of Griffith (21), 
and total benzoic acid by the method of Kingsbury and Swanson 
(22). It was found that sarcosine would not interfere with either 
of these procedures. In several experiments determinations of 
hippuric acid were also made by the method of Quick (23), in 
which the amino nitrogen liberated by hydrolysis of the hippuric 
acid is determined by the Van Slyke nitrous acid method. 

The rate of excretion is shown by the percentage of the adminis- 
tered benzoic acid which is excreted in the first 6 hours. Values 
for the succeeding 18 hour periods indicate only completeness of 
the recovery of the administered benzoic acid and are omitted 
from Table I, since we are concerned primarily with rate of excre- 
tion. Creatinine determinations were made to check complete- 
ness of urine collections. These values, as well as those for total 
nitrogen, are also omitted, as they do not bear directly on this 
study. 


DISCUSSION 


The data presented in Table I demonstrate the marked effect, 
of sarcosine on the rate of excretion of benzoic acid as hippuric 
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acid in the rabbit. No correction has been made for the small, 
constant amount of benzoic acid which is normally eliminated in 
a 6 hour period by these rabbits. This normal excretion was 


TaBie I 
Excretion of Benzoic Acid, Total and As Hippuric Acid, in 6 Hour Period 
Immediately Following Ingestion of Sodium Benzoate Alone and 
with Glycine or Glycine Derivatives 
The benzoic acid, 0.66 gm. per kilo of body weight, was administered 
orally as the sodium salt. 























rar’ | Bensoie 

Rabbit Benzoic acid excreted as PR joie 
Hippurie acid Total | istered 

om. | *emt| om. | Beet moles | om. 

1 1.332 | 82.4 | 1.388 | 85.8 Glycine 3 1.617* 
0.639 | 38.8 | 0.795 | 48.2 0 1.650 
1.114 | 62.5 | 1.284 72.0 Sarcosine 3 1.782 
0.544 | 30.0 | 0.751 | 41.3 0 1.815 
0.598 | 30.7 | 0.878 | 45.1 Betaine 3 1.947 
0.662 | 34.0 | 0.963 | 49.5 Dimethylglycine 3 1.947 
1.522 | 78.2 | 1.589 | 81.6 Glycine 3 1.947 

2 0.789 | 43.5 | 0.965 | 53.2 0 1.815 
0.742 | 39.4 | 0.958 | 50.8 0 1.881 
0.747 | 38.4 | 0.984 | 50.6 Dimethylglycine 3 1.947 
0.756 | 38.9 | 0.994 51.1 Betaine 3 1.947 
1.588 | 81.5 | 1.658 | 85.1 Glycine 3 1.947 

3 1.151 | 85.0 | 1.219 | 90.0 | . - 3 1.353 
0.549 | 43.8 | 0.692 | 55.2 0 1.254 
0.530 | 39.2 | 0.782 | 57.7 Alaninet 5 1.353 
0.888 | 62.6 | 1.062 | 74.9 Sarcosine 3 1.419 
0.585 | 40.3 | 0.789 | 54.3 0 1.452 
1.300 | 85.6 | 1.348 | 88.8 Glycine 3 1.518 
0.659 | 39.1 | 0.925 54.9 Dimethylglycine 3 1.683 
0.625 | 37.1 | 0.801 | 47.6 Betaine 3 1.683 
1.258t) 74.6 | 1.325 78.6 Sarcosine 3 1.683 
1.116t| 66.2 | 1.225 | 72.7 | “ 3 | 1.683 
0.766] 45.5 | 0.912 | 54.1 | 0 | 1.683 














* The experiments extended over a period of several months with each 
animal. Since the animals increased in weight, the absolute amount of 
benzoic acid fed increased as the experiments progressed. 

t Alanine was included as a negative control. Compare also the data 
of Griffith and Lewis (18). 

t The hippuric acid values were checked by determination of amino 
nitrogen after hydrolysis o the ether-extractable material; cf. Table IT. 
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relatively constant, amounting to less than 100 mg. per day, and 
in the 6 hour period to only 18 mg. The difference resulting from 
applying this correction to all the figures in Table I would be 
negligible. 

It can be seen from the experiments with Rabbits 1 and 3 that 
the effect of sarcosine on the rate of excretion of hippuric acid, 
although marked, was not as great as that of glycine itself. Sar- 
cosine is the only substance, other than glycine, which has been 
found to have this effect. 

It must be pointed out, however, that the determination of 
hippuric acid by the Griffith method is not specific in that it is a 
determination of nitrogenous compounds in urine extracted by 


TaB_e Il 
Comparison of Hippuric Acid Values Obtained after Feeding Sarcosine with 
Benzoic Acid, (1) by Determination of Total Nitrogen of Ether Extract 
(Griffith Method), (2) by Determination of Amino Nitrogen after 
Hydrolysis of Material Extracted by Ether (Quick Method) 
The experiments represent the last three of the series with Rabbit 3 
(Table I). 





Benzoic acid excreted as hippuric acid (in first 6 hrs. 
after admin ion) 














| 
Griffith method Quick method 
gm. | per cent intake gm. per cent intake moles “Oe@g ued 
1.258 74.6 1.262 75.0 | 3 1.683 
1.116 66.2 1.065 63.2 3 1.683 
0 1.683 


0.766 45.5 0.759 45.1 








ether from an acid solution and not destroyed by sodium hypo- 
bromite. Hippuric acid is usually considered to be the only 
compound thus determined, but other nitrogenous ether-soluble 
compounds, if present, would also be extracted and determined 
as hippuric acid. Thus there is the possibility that the effect of 
sarcosine in increasing the rate of excretion of benzoic acid might 
be due, not to its conversion to glycine, but to the conjugation 
of benzoic acid with sarcosine itself, and that the extra excretion 
of hippuric acid noted might be due to the excretion of benzoyl- 
sarcosine (N-methylhippuric acid). Since benzoylsarcosine, if 
present, would be determined as hippuric acid by the Griffith 
method, it was necessary to investigate such a possibility, however 
improbable it seemed. 
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For this reason we carried out determinations of hippuric acid 
by the Griffith method and also by the method of Quick, in which 
the Van Slyke amino nitrogen apparatus is employed for the direct 
determination of the amino nitrogen after hydrolysis. If the 
increased excretion of benzoic acid noted in the 6 hour period after 
administration of benzoic acid with sarcosine were due to the ex- 
cretion of benzoylsarcosine, the determinations by the two methods 
would not agree, since by the Quick method only the amino nitro- 
gen obtained on hydrolysis, i.e. glycine, not sarcosine, is deter- 
mined. If the increase in hippuric acid values noted by the 
Griffith method were due to benzoylsarcosine, determinations by 
the Quick method would give values which were no higher than 
the control experiments in which no sarcosine was fed. If, how- 
ever, the amino nitrogen obtained on hydrolysis of the ether- 
extractable material were the same as the total nitrogen, the values 
for hippuric acid by both methods would be the same, and none 
of the benzoic acid so determined could be conjugated with 
sarcosine. 

The data presented in Table II show the results of such deter- 
minations. It is evident that the nitrogen of the hydrolyzed 
ether-extractable material is all amino nitrogen and that the 
increased output of benzoic acid in the 6 hour period is actually 
due to an increased excretion of hippuric acid. 

Since the rate of synthesis of hippuric acid, under these condi- 
tions, depends on the amount of glycine available, ingested glycine 
increasing the rate (18), these results are interpreted as evidence 
of the biological conversion of sarcosine to glycine. The feeding 
of sarcosine with benzoic acid has increased the rate of synthesis 
of hippuric acid and caused an increased output of conjugated 
glycine in the 6 hour experimental period. 

These experiments, which indicate that sarcosine may give 
rise to glycine in the animal organism, are in harmony with the 
observations of Gordon and Jackson (11) who have stated that 
unpublished data show ‘‘that albino rats placed under stress for 
glycine by poisoning with benzoic acid are able to employ sarcosine 
in the detoxication mechanism.” This statement suggests a 
possible conversion of sarcosine to glycine, although the possi- 
bility of the employment of sarcosine itself (without change) in 
the detoxication of benzoic acid was not excluded. The present 
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experiments, with rabbits, eliminate this possibility and present 
quantitative evidence of the utilization of sarcosine in the de- 
toxication mechanism. 

In marked contrast are the results of experiments with alanine, 
N , N-dimethylglycine, and the completely methylated compound, 
betaine. No increased rate of excretion of hippuric acid was 
observed, indicating no ready formation of glycine from these 
compounds.’ 

Although the direct conversion of the N-methyl derivative to 
the amino acid has been suggested in the case of l-tryptophane 
(3), the utilization of N-monomethyl derivatives in place of the 
corresponding amino acid is usually considered to be related to 
the intermediate formation of the a-keto acid, with subsequent 
amination, rather than to the direct substitution of a hydrogen 
atom for the methyl group (24). The a-keto acid (p-meth- 
oxyphenylpyruvic acid) has been isolated from the urine of rabbits 
fed O, N-dimethyltyrosine (25). 

The intermediate formation of the a-keto acid, with subsequent 
amination, is a reaction similar to that postulated for the utiliza- 
tion of the unnatural isomers of certain essential amino acids. 
It is interesting to note that, with the exception of cystine, the 
N-monomethylamino acids which can replace the related amino 
acids are those whose unnatural enantiomorphs are also utilized. 

The fact that N,N-dimethylglycine and betaine, as well as 
the other a-dimethylamino acids and betaines studied, could not 
replace the corresponding amino acid, might be explained by the 
theory of oxidative deamination set forth by Wieland and Bergel 
(26) and by Knoop and Oéesterlin (8, 27); 7.e., that in order for 
oxidative deamination to occur, at least 1 hydrogen must be 
attached to the amino nitrogen atom of the amino acid in order 
to permit the formation of the a-imino acid (24). 

In agreement with this theory, Keilin and Hartree (28) found 
that N-methylalanine could be deaminized in vitro by d-amino- 
deaminase to form pyruvic acid and methylamine, whereas N , N- 
dimethylalanine and a-methylalanine could not. 


*The oral administration of N-ethylglycine, in contrast to that of 
N-methylglycine, resulted in no marked increase in the rate of hippuric 
acid excretion in the single experiment which we have so far made. 
Further work with this and related compounds is in progress. 
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The action of the deaminase systems on sarcosine should prove 
of interest, since this compound is unique among the N-methyl 
derivatives of the biologically important amino acids in that it 
does not exist in stereoisomeric forms. The antipodal specificity 
of the deaminases would in this case be without meaning. 


SUMMARY 


N-Methylglycine (sarcosine), when fed with benzoic acid, 
increased the rate of excretion of hippuric acid by the rabbit. 
The effect of sarcosine on the rate of excretion, although marked, 
was not as great as that of glycine. The increased rate of excretion 
of conjugated benzoic acid resulting from administration of sar- 
cosine with benzoic acid was not due to the formation of N- 
methylhippuric acid (benzoylsarcosine). 

N,N-Dimethylglycine and betaine did not increase the rate of 
excretion of hippuric acid under the same conditions. 

The utilization of sarcosine in the detoxication mechanism is 
interpreted as evidence of the biological conversion of sarcosine 
to glycine. 
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Some time ago the photometric determination of cystine and 
related compounds with phosphotungstic acid was reported 
((1), ef. (2)). In the present paper, a photometric determination 
of tryptophane, tyrosine, diiodotyrosine, and thyroxine is de- 
scribed, based on the procedure developed by Lugg (3, 4) from 
the Folin and Ciocalteu method (5). Hydrolysis with alkali 
or with alkaline stannite is followed by the separation, as the 
mercury compounds, of tyrosine and tryptophane, and their 
determination by the Millon reaction, with the Pulfrich pho- 
tometer. Diiodotyrosine and thyroxine give no Millon reaction 
before or after hydrolysis with alkali (6, 7) but during hydrolysis 
with alkaline stannite both compounds are converted into reactive 
phenols, the former quantitatively to tyrosine (cf. (4)), the latter 
presumably to diiodothyronine or thyronine. 

Hydrolysis of a thyroid preparation with alkaline stannite 
therefore yields a higher tyrosine value than hydrolysis with 
alkali alone, the difference—‘extra tyrosine’’—being a measure 
of the amount of the iodoamino acids present. It was found that 
the tyrosine equivalents (extra tyrosine) of the two iodoamino 
acids are quite different, so that it was possible to ascertain the 
content of diiodotyrosine and thyroxine in certain thyroid prepa- 
rations from a consideration of the extra tyrosine together with 
the total (organic) iodine content. 

The standard values for the extinction coefficients per mg. of 
tyrosine and per mg. of tryptophane are given, as well as correc- 


* Aided by a grant from the John and Mary R. Markle Foundation. 
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tion factors for protein hydrolysates. Representative results are 
reported for crystalline egg albumin, for cattle fibrin, and for 
a number of thyroid preparations. In the analysis of (normal) 
thyroid preparations, the results by the new method indicate 
a content of thyroxine somewhat higher than was found by the 
method of Leland and Foster (8), but lower than by the Harington 
and Randall (9) method. The application of the new method 
to the evaluation of commercial thyroid preparations is feasible 
and recommended. 


EXPERIMENTAL 


The procedures recently developed by Lugg were found to 
give reliable results and were followed except for some minor 
changes' (cf. below). The necessary reagents are described in 
detail by Lugg (3, 4); the alkaline stannite solution was always 
freshly prepared. 

Compounds—The compounds? used for the standardization ex- 
periments were carefully purified. Tyrosine was pure (calcu- 
lated, C 59.64, H 6.12, N 7.74, amino N 7.74; found, C 59.61, 
H 5.80, N 7.77, amino N 7.68). Tryptophane was 98 per cent 
pure (calculated, N 13.73, amino N 6.87; found, N 13.45, amino N 
6.80). Diiodotyrosine was 98.5 per cent pure (calculated, N 
3.24, I 58.64; found, N 3.17, I 57.75). Thyroxine A was a com- 
mercial preparation and not quite pure (calculated, I 65.36; 
found, I 63.90). Thyroxine B was isolated by Dr. G. L. Foster, 
to whom we are greatly indebted for this preparation, and con- 
tained 65.1 per cent iodine. The standard values given are 
corrected and reported in terms of the analytically pure substances. 

Standardization—The extinction coefficients, K per mg. in a 
volume of 25 cc. (for definition, cf. (1)), of tyrosine and trypto- 
phane were determined with the Pulfrich photometer (Zeiss 
Filters 8-50 and S-45 for tyrosine and tryptophane, respectively) 
and are reported in Table I. Separation of the mercury com- 
pounds is carried out according to Lugg, but about 15 mg. of 


1 Lugg recommended ether or toluene extraction of tryptophane de- 
composition products (indoles). This is not feasible when small amounts 
of material are used for hydrolysis. 

2 We are indebted to Mr. William Saschek for the C, H, N, and I de- 


terminations. 
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celite, a diatomaceous silica filter aid, are added before centrifuging 
to prevent floating of the insoluble mercury tryptophane com- 
pound. Color development for both tyrosine and tryptophane 
is carried out at 23-24°, after the removal of traces of celite by 
centrifuging the solution just before the addition of nitrite; read- 
ings are made exactly 3 minutes after the addition of nitrite in 


TaBLe | 


Extinction Coefficients for Tyrosine and Tryptophane and Correction 
Factors for Hydrolysates 








. l 
Filter 8-50 (Zeiss) Filter Beth (Leiss) 
Extinction coefficient* per mg. in 25 ce., 
fe ae 0.802 + 0.002 | 1.767 +0.007 
Correction factors for hydrolysates 
NaOH, pure compoundsf.............| 1.024 | 1.077 
- protein hydrolysatesf......... 1.044 | No correction 
SnCl,-NaOH, pure compounds§....... 1.029 1.018 
“ protein hydrolysates....| 1.029 1.018 











* The value for tyrosine is the mean (standard deviation = 0.009 + 
0.001) of twenty-five determinations with 0.25 to 1.5 mg.; that for trypto- 
phane is the mean (standard deviation = 0.046 + 0.005) of forty-two 
determinations with 0.125 to 1.0 mg. 

t With tyrosine, eleven hydrolysates of 1.0 to 3.7 mg. gave an average 
recovery of 97.7 + 0.4 per cent (standard deviation = 1.2 + 0.3 per cent). 
With tryptophane, six hydrolysates of 0.8 to 1.5 mg. gave an average recov- 
ery of 92.9 + 0.6 per cent (standard deviation = 1.5 + 0.4 per cent). 

t The corrections recommended for NaOH hydrolysates of proteins are 
based on the experiments with crystalline egg albumin discussed in connec- 
tion with Table II. 

§ With tyrosine, twelve hydrolysates with 2.5 to 5.2 mg. gave an average 
recovery of 97.2 + 0.4 per cent (standard deviation = 1.5 + 0.3 per cent). 
With tryptophane, fourteen hydrolysates with 0.8 to 2.3 mg. gave an aver- 
age recovery of 98.2+ 0.7 per cent (standard deviation = 2520.5 
per cent). 


the case of tyrosine, and exactly 1 minute after the addition of 
nitrite in the case of tryptophane. In the analysis of hydrolysates 
the same procedure is used. 

It can be seen from Table I that satisfactory conditions for 
separation and color development have been established, since 
Beer’s law holds over a wide range of concentrations (0.25 to 1.5 
mg. and 0.125 to 1.0 mg. per 25 cc. for tyrosine and tryptophane 








I 
; 
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respectively), and since the standard error of the mean and the 
standard deviation of the extinction coefficients are very small. 

Hydrolysis—Varying amounts of the pure substances were 
hydrolyzed as indicated in Table I. All digestions were carried 
out in sealed Pyrex glass tubes of 8 to 9 mm. inside diameter, 
with 2 cc. of 5N NaOH or with 2 ec. of 5 per cent stannous chloride 
in 5.5 n NaOH, at 100° for 16 to 30 hours. In the hydrolysis 
with alkaline stannite, a minimum of air (not more than 1 cc.*) 
should be enclosed in the tube; otherwise difficulties are encoun- 
tered in the removal of tin and in the precipitation of the mercury 
tryptophane compound. 

The NaOH digest is transferred, water being used for washing, 
to a 15 ee. volumetric flask, and 1 cc. of 20 N H2SO, is added.* 
The digest is diluted to the mark, centrifuged, the supernatant 
filtered, and two 5 cc. aliquots measured into 15 cc. centrifuge 
tubes for separation of tyrosine and tryptophane as stated under 
“Standardization.”” The NaOH digests of proteins usually have 
a yellow color, which is carried down with the tryptophane mer- 
cury compound, and which color increases slightly the extinction 
coefficient in the tryptophane determination. In order to correct 
for this error, the extinction coefficient of the digest, diluted with 
water 1:5, is determined, with Filter 8-45, and deducted from 
the extinction coefficient obtained in the tryptophane de- 
termination. 

The alkaline stannite digest is transferred with about 4 cc. 
of water to a 15 cc. centrifuge tube, 1 ec. of 5 N NaOH is added, 
and then about 75 mg. of zine dust, and the mixture stirred with 
a stiff nickel rod to prevent clumping. The tube is warmed to 
about 50°, and three more portions of 75 mg. of zinc dust are 
added with stirring at intervals of 2 to 3 minutes. The finely 
divided precipitate is centrifuged off and washed twice, by centri- 
fuging, with 2 cc. each of N NaOH. The supernatant fluid and 


* Evacuation of the tubes prior to the addition of the reagent (described 
by Lugg) has not been successful in our hands with finely divided proteins. 

‘No further adjustment of the acid concentration is necessary before 
Reagent B (cf. (3)) is added. Reiter (10) also brought the hydrolysate to 
the correct acid concentration in one step. 

5 During hydrolysis in Pyrex tubes the concentration of alkali falls, so 
that the zine dust does not react sufficiently to remove the tin quanti- 
tatively. 
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washings are collected in a 15 ec. volumetric flask, and after the 
addition of 1.5 cc. of 20 Nn H.SO,,‘ the digest is treated as described 
for NaOH hydrolysates. Alkaline stannite digests of reasonably 
pure proteins usually have very little color. If necessary, a 
correction for the tryptophane determination may be made as 
described for NaOH digests. 

Incomplete removal of tin is indicated either by failure to obtain 
a clear hydrolysate after filtration or by a turbid supernatant 
fluid after the tryptophane mercury precipitate is centrifuged off. 
Such hydrolysates should be discarded. However, the use of 
freshly prepared alkaline stannite, the precaution to enclose very 
little air in the tubes, and the addition of extra NaOH before 
the treatment with zine will prevent this difficulty. 

In Table I, experiments are reported in which mixtures of 
tyrosine and tryptophane were subjected to the hydrolytic pro- 
cedures described. Hydrolysis of tyrosine and tryptophane with 
alkali results in a loss of about 2 and 7 per cent, respectively, 
while hydrolysis with alkaline stannite results in a loss of 3 and 2 
per cent, respectively. In the analysis of pure solutions, correc- 
tion factors® corresponding to these losses are used (cf. Table I); 
for protein hydrolysates, however, correction factors based on 
experiments with egg albumin and fibrin (reported in Tables I 
and III) are recommended and given in Table I. 

Tyrosine and Tryptophane Determinations with Egg Albumin 
and Fibrin—It can be seen from Table II that with egg albumin 
the uncorrected results for tyrosine are higher after alkaline 
stannite hydrolysis than after alkali hydrolysis, while for trypto- 
phane the reverse is true.’ This is somewhat different from the 
behavior of the pure amino acids. The results with alkaline 


* According to Lugg (4) ‘“Tyrosine estimations require no corrections for 
loss, but tryptophane estimations require correction for 3 per cent loss if 
stannite has been included or 6 per cent if plain alkali has been used.”’ 

7 The higher tryptophane values found after NaOH hydrolysis remain 
unexplained. It is possible that after NaOH hydrolysis of proteins, a small 
amount of tyrosine may be adsorbed on the tryptophane precipitate or on 
traces of silica not previously removed. Since the hydrolysates are not 
extracted, there may be some other indoles which develop a color, absorbed 
toa greater extent than the tryptophane color by Zeiss Filter 8-45. Another 
possibility is that less tryptophane is destroyed during the hydrolysis of a 
protein than when tryptophane is treated alone. 
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stannite, after the correction factors found for the pure compounds 
(Table I) were applied, were considered the more accurate values; 
these were therefore taken as the basis for the corrections for 
NaOH hydrolysis (7.e., a factor of 1.044 for tyrosine and none for 
tryptophane; cf. Tables I to III). 


TaB.e II 
Tyrosine and Tryptophane Content of Denatured Crystalline Egg 
Albumin (Preparation C; Cf. (1, 2)) 


Molecular weight = 34,300 (cf. (2)). Samples for hydrolysis, 60 to 
80 mg. 









































Tyrosine Tryptophane 
NaOH * SnCleNaOH ‘NaOH ‘SnCl-NaOH 
a ee oa Re eS eg 
Found . my Found » ra Found | Found | re 
1,044* 1,029 | 1.018 
(1) (2) | (3) (4) (5) | (6) / @ 
hrs. per cent per cent | per cent | per cent per cent | per cent | per cent 
30 | 3.80 | 3.97 | 3.91 | 4.02 | 1.23 | 1.24 | 1.26 
16 3.89 | 4.06 | 3.96 | 4.07 | 1.20 | 1.15 | 1.17 
16 3.95 | 4.12 | 3.93 | 4.04 | 1.21 1.17 | 1.19 
16 3.80 | 3.97 | 3.88 | 3.99 | 1.24 | 1.17 | 1.19 
16 | 3.88 | 4.05 | 1.17 | 1.19 | 1.21 
16 3.86 | 4.03 1.19 | 1.25 | 1.27 
1.10 | 1.12 
1.11 | 1.13 
| 1.12 | 1.14 
Average..........| 3.86 4.03 | 3.92 | 4.03 | 1.21 | 1.17 | 1.19 
nn: pameenremns AE Sere Reel Ceeee Ree 
No, of residues per 
mole of egg albu- | 
I | 7.64 | 2.03 | 2.00 











* 4.03/3.86 = 1.044. 


The tyrosine and tryptophane content of cattle fibrin (Eimer 
and Amend) is reported in Table III. Comparison of the results 
after NaOH and SnCl,-NaOH hydrolysis indicates that the correc- 
tion factors established for egg albumin are also satisfactory 
with fibrin. 

It is therefore recommended that these corrections be used 




















E. Brand and B. Kassell 495 


generally for the determination of tyrosine and tryptophane in 
NaOH hydrolysates of reasonably pure proteins. 

The tyrosine content of denatured egg albumin (4.03 per cent, 
Table II, Column 4) is in agreement with some of the values 
(4.00 to 4.21 per cent) reported in the literature’ (cf. (10)). On 
the basis of a molecular weight of 34,300 (cf. (2)) a content of 
4.03 per cent corresponds to only 7.64 residues of tyrosine per 
molecule of egg albumin (eight residues correspond to 4.23 per 
cent). Essentially the same value (4.03 per cent) was obtained 


Taste III 
Tyrosine and Tryptophane Content of Cattle Fibrin 
Molecular weight = 69,300 (11). Time of hydrolysis, 16 to 20 hours. 















































Tyrosine Tryptophane 
Sample* for (NaOH | SnCl-NaOH | NaOH SnCl-NaOH 
hydrolysis Bat . eae 
Found vrs Found rear Found Found ree 
(1) (2) (3) (4) (5) (6) 
mg per cent per cent per cent per cent per cent per cent per cent 
33.4 5.71 5.97 3.59 
27.2 5.66 5.91 3.48 
26.7 5.80 5.96 3.46 3.52 
27.8 5.74 5.90 3.44 3.50 
_—_— mF — — — _— a a —— - a ——————— — _ 
Average.....| 5.69 | 5.94 | 5.77 | 5.93 | 3.54 | 3.45 | 3.51 











* The weights are given on the basis of moisture- and ash-free protein 
(nitrogen content of pure fibrin equals 17.73 per cent) (cf. (11)). The air- 
dried fibrin preparation (Eimer and Amend) used contained 15.1 per cent 
total N (acid-insoluble humin N 0.15 per cent). The correction therefore 
was 15.1/17.73; i.e., the humin N was considered as protein N. 


in the analysis of native crystalline egg albumin, indicating that 
no loss of tyrosine occurs during the preparation of the denatured 
protein, such as was observed by Calvery et al. (12) in the case 
of crystalline pepsin. 

The tryptophane content of denatured egg albumin (1.19 per 
cent, Table II, Column 7) is somewhat lower than that (1.28 per 
cent) recently reported by Calvery (13) by the Folin-Ciocalteu 


* Our uncorrected values agree with those recently reported by Reiter 
(10), who also used the Lugg method. 
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method (5). Our value corresponds to two residues of trypto- 
phane per molecule. 

The cattle fibrin was a commercial preparation similar to that 
used by Bergmann and Niemann (14, 11); it contained 15.1 per 
cent nitrogen. Following these authors, it was assumed that 
cattle fibrin contains 17.73 gm. of nitrogen per 100 gm. of dry 
protein, and the values reported in Table III are corrected on 
this basis. The tyrosine and tryptophane contents of cattle 
fibrin were found to be 5.9 and 3.5 per cent respectively. Data 
in the literature vary from 3.5 to 6.5 per cent for tyrosine and 
from 2.9 to 5.3 per cent for tryptophane (cf. (14, 16)). 

While satisfactory results were obtained in the hydrolysis of 
60 to 80 mg. of egg albumin, hydrolysis of 70 mg. of fibrin yielded 
a low value for tyrosine, associated with a correspondingly high 
value for tryptophane. It is therefore advisable to take for 
hydrolysis samples of protein containing not more than 3 mg. 
of tyrosine and 2 mg. of tryptophane. 

In appraising our results by the methods described above, it 
appears that the determination of tyrosine and tryptophane in 
the hydrolysate of a protein can be carried out with an error of 
2 per cent or less. In order to establish the content in the protein 
itself, certain corrections were found necessary. We believe that 
the tryptophane content of relatively pure. proteins can be ac- 
curately determined, particularly after alkaline stannite hy- 
drolysis, but that the values for tyrosine are frequently low. 
There may be losses of tyrosine during the preparation and de- 
naturation of the protein. The destruction of tyrosine during 
hydrolysis may vary for different proteins and may in some cases 
be much greater than experiments with the free amino acid would 
seem to indicate. 

Determination of Diiodotyrosine and Thyroxine—Lugg (4) has 
shown that diiodotyrosine is quantitatively reduced to tyrosine 
during alkaline stannite hydrolysis. The results in Table IV 


® This correction was applied in order to fit our data into the series of 
determinations presented by Bergmann and Niemann (14). However, for 
a number of reasons to be discussed elsewhere, it is probable that the 
nitrogen content of pure cattle fibrin is lower than 17.73 per cent. Ham- 
marsten (15) found that the nitrogen content of horse fibrin is 16.91 per 
cent, and stated that the nitrogen content of cattle fibrin is only slightly 
higher. 
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indicate that this is true not only if solutions of diiodotyrosine 
are treated in this way but also if this substance is hydrolyzed 
together with tyrosine or in the presence of a protein, e.g. crystal- 
line egg albumin. The correction factor (F = 1.029) is the same 
as for tyrosine. On the basis of its iodine content, 1 mg. of di- 







































































TasBie IV 
Recovery of Diiodotyrosine 
| Diiodotyrosine Tyrosine found Resovery 
Hydrolysis with | | Tyrosine | Tyrosine " 
nCleNeOH | Used | Tyrosine added content ——, Extra — 
equivalent F = 1.020| (5) — (4) | tyrosine 
1 a | @ (3) (4) (5) (6) (7) 
hrs. mg. mg. mg. mg. mg. mg. per cent 
16 | 3.236 | 1.354 1.39 102.7 
16 3.498 | 1.462 1.44 98.5 
30 | 4.006 | 1.668 1.64 98.3 
30 | 3.582 | 1.498 1.51 100.8 
SII, «0s. <\n.0)000.0.0 ocinaah ot bin aa aie i een ee a 100.1 
16 | 2.565 1.073 | 2.449 | 2.449 3.49 1.04 96.9 
16 2.510 1.050 | 2.815 | 2.815 3.88 1.06 101.0 
30 1.950 | 0.816 | 1.309 | 1.309 2.10 0.79 97.0 
30 2.549 1.066 1.849 | 1.849 2.96 1.11 104.1 
SE eae ye hy ae ee 99.8 
se 
added 
16 1.359 | 0.569 | 58.0 2.34 2.91 0.57 100.2 
16 2.872 1.202 | 61.5 2.48 3.69 1.21 100.9 
16 2.104 | 0.880 (50.5 2.04 2.90 0.86 97.7 
16 2.849 1.192 |49.0 1.98 3.15 1.17 98.2 
16 2.567 1.074 (52.3 2.11 3.16 1.05 97.8 
BIIIID. o..cccccccccvcdcccccdadh ose chbediemeneeebe: 6 inane 99.0 








iodotyrosine iodine yields 0.713 mg. of extra tyrosine after alkaline 
stannite hydrolysis (none after alkali hydrolysis). 

Thyroxine during alkaline stannite hydrolysis is converted 
to a reactive phenol (presumably diiodothyronine or thyronine). 
Detailed experiments with Thyroxine A (commercial preparation) 
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showed that the same value for extra tyrosine was obtained when 
1 to 2.2 mg. of thyroxine were subjected to alkaline stannite 
hydrolysis, alone or in the presence of 50 to 60 mg. of egg albumin. 
However, if larger amounts (3 to 5 mg.) of thyroxine were hy- 
drolyzed, the recovery in terms of extra tyrosine was low, since 
part of the mercury compound of the thyroxine derivative pre- 
cipitated and was then determined as tryptophane. This dif- 
ficulty does not enter into the determination of thyroxine in 
proteins, as the amounts present are very small. 

The value for the “tyrosine’’ equivalent per mg. of thyroxine 
iodine was finally established with 1 to 2 mg. of the pure sample 


TABLE V 
‘Tyrosine’ Equivalent of Thyroxine B 
Hydrolysis with SnCl.-NaOH for 16 hours at 100°. 





‘ l 
Thyroxine | “Tyrosine’* found, | “Tyrosine” per mg. 
a ton 1 rs ‘iodine | corrected, F = 1.029 | iodine 
mg. | mg. mg. mg. 

1.732 1.132 0.317 0.280 

1.703 1.113 0.321 0.290 

1.211 0.791 0.227 0.287 
1.239 | 0.810 | 0.230 0.285 
1.338 0.875 0.254 0.290 
a Saree pd Fee ies eld dbs aes 0.286 


* An aliquot of the hydrolysate was added to a standard tyrosine solu- 
tion to carry out the “‘tyrosine’’ determination. 


(B) of thyroxine, of which only small amounts were available. 
The data in Table V indicate that 1 mg. of thyroxine iodine yields 
0.286 mg. of extra tyrosine after alkaline stannite hydrolysis 
(none is found after alkali hydrolysis). 

These experiments form the basis for a determination of di- 
iodotyrosine and thyroxine in thyroid material and thyroglobulin 
(cf. (17)). On the assumption that the total (organic) iodine is 
accounted for by these two substances, 


I = DI + Thal (1) 


where J is the percentage of total iodine in the sample, and D 
and Th are the respective fractions of the total iodine present 
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as diiodotyrosine and thyroxine; DI and ThI therefore represent 
the respective percentages of diiodotyrosine iodine and thyroxine 
iodine in the sample. 

We can determine, as shown in Table VI, the total iodine and 
extra tyrosine, Z, and we know also the respective tyrosine equiv- 


TaBLe VI 


Determination of Tyrosine, ‘‘Total Tyrosine,’ “‘Extra Tyrosine," 
and Total Iodine in Thyroid Preparations 


Hydrolysis, 16 hours at 100°. 












































Hydrol ith Hydrolysis with 
aCle NaOH ye NsOH 
“Extra 
—_ Type RL “Total Preformed yy 9 
No.* Sample ore Sample tyrosine, | (3) — (5) 
F = 1.029 F = 1,064 
(1) (2) (3) (4) (5) (6) 
per cent mg. per cent mg. per cent per cent 
1 Lederle hog 0.425 63.7 2.86 70.2 2.68 
thyroid 73.0 2.86 92.3 2.63 
92.9 2.87 | 104.7 2.61 
72.5 2.87 79.3 2.65 
2.87 2.64 0.23 
2 | Human thy- 0.36 114.2 2.56 | 121.0 2.37 
roid, nor- 76.7 2.52 84.3 2.34 
| mal, McC. 85.4 2.53 83.5 2.34 
80.2 2.53 80.1 2.35 
2.54 2.35 0.19 
3 | Human thy- | 0.142 | 78.4 | 2.81 | 75.1 | 2.76 
roid, patho- 83.2 2.77 76.4 2.70 
logical, H. 75.8 2.79 81.0 2.66 
79.4 2.80 76.6 2.70 
2.79; 2.70; 0.09 














* We are indebted to Dr. G. L. Foster for these preparations and for the 
total iodine determinations. 


alents (0.713 and 0.286) per mg. of iodine for diiodotyrosine 
and thyroxine (Tables IV and V). The extra tyrosine, Z, can 
therefore be expressed in terms of diiodotyrosine iodine (Equation 
2), with (1 — D) substituted for Th. 


E = 0.713DI + 0.2861(1 — D) (2) 
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The percentage of diiodotyrosine iodine is shown by Equation 3, 
which is merely another form of Equation 2, 


DI = (E — 0.2861) /0.427 (3) 


Table VI gives the experimental values for “preformed,” 
“total,” and “extra” tyrosine for three thyroid preparations of 
widely varying iodine content. Since the amount of “extra 
tyrosine”’ is small, it is necessary to determine it from the mean 


TaBLe VII 


Thyroxine and Diiodotyrosine Content of Thyroid Preparations 
Calculated According to Equations 1 to 3 





Thyroxine |  Difiodotyrosine 








Prepa- | Method of ) -_ ree ee 
» -y analysis iodine sae’ * | As ont | As ae 
iodine A. | iodine Ram 
| ne | e ° 
per per per per | per | per 
cent cent cent cent cent cent 
1 This paper 0.425) 0.23 | 0.25 | 0.17 | 39 0.44, 0.26 61 
Leland and 0.19 | 0.12} 29 | 
Foster* (8) 
Harington* 0.33 | 0.21 | 50 
(9) 
2 This paper 0.36 | 0.19 | 0.24 | 0.16 | 44 0.34; 0.20 | 56 
Leland and 0.15 | 0.10 | 27 
Foster* 
3 This paper 0.142) 0.09 | 0.03 | 0.02 | 16 0.20| 0.12 | 84 
Leland and 0.01 | 0.01 | 5.4 
Foster* 



































* We are indebted to Dr. G. L. Foster for these determinations. 


. 
of several closely checking determinations after both alkali and 
alkaline stannite hydrolysis (Columns 3 and 5). 

Table VII gives the thyroxine and diiodotyrosine values for 
these preparations calculated from total (organic) iodine and ‘extra 
tyrosine” according to Equations 3 and 1. For Preparation 1, 
values for the thyroxine determined by the Leland and Foster 
and by the Harington methods are also given; these determina- 
tions were carried out by Dr. G. L. Foster, to whom we are in- 
debted for the data reported. With this preparation, as well as the 
other two, the thyroxine content estimated by the new method 
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is slightly higher than that determined by the Leland and Foster 
method. Since some loss is known to occur in the Leland and 
Foster procedure (cf. (8)), we feel that the present values are 
reasonably accurate. The small quantities of material required, 
as well as the comparative ease of the analysis, may recommend 
this method for the determination of thyroxine and diiodotyrosine 
in commercial thyroid preparations. Because the determination 
of thyroxine is preferable to that of total iodine to measure the 
activity of thyroid preparations (cf. (8, 9)), the method may 
possibly be of value for the United States Pharmacopeeia. 


SUMMARY 


1. A photometric determination of tryptophane, tyrosine, di- 
iodotyrosine, and thyroxine, based on the procedure developed 
by Lugg from the Folin-Ciocalteu method, is described. Standard 
values for the extinction coefficients (Pulfrich photometer) of 
tyrosine and tryptophane are given, as well as correction factors 
for protein hydrolysates. 

2. Diiodotyrosine and thyroxine give no Millon reaction before 
or after hydrolysis with alkali, but during hydrolysis with alkaline 
stannite, both compounds yield reactive phenols. Diiodotyrosine 
and thyroxine are determined indirectly from the total iodine 
and from the extra chromogenic material formed after hydrolysis 
with alkaline stannite. 

3. Representative results are given for crystalline egg albumin, 
cattle fibrin, and several thyroid preparations. 

4. The values for the thyroxine content of thyroid preparations 
are higher than those obtained by the method of Leland and 
Foster, but lower than by the Harington method. The method 
has been applied to the determination of thyroxine in commercial 
thyroid preparations. 
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The present interest in the determination of thiocyanate in 
serum, following the injection or ingestion of its salts, is twofold. 
First, in order to control hypertension by administering thio- 
cyanate, the dosage must be regulated by frequently checking 
serum levels, as pointed out by Barker (1) and Wald, Lindberg, 
and Barker (2). Secondly, the determination of extracellular 
fluid, as originally described by Crandall and Anderson (3), and 
later modified by Lavietes, Bourdillon, and Klinghofer (4), in- 
volves the measurement of the concentration of thiocyanate in 
serum. This method enjoys a wide-spread use. Schreiber’s 
procedure (5) for the quantitative detection of this compound in 
serum has been adopted with minor modifications by many work- 
ers in these two fields (1-4, 6). In general, the serum containing 
thiocyanate is treated with trichloroacetic acid to obtain a clear, 
protein-free filtrate. To the latter, acid ferric nitrate is added, 
and the resulting orange-red color examined either colorimetrically 
or photometrically. 

In this communication a method is described whereby the 
determination of thiocyanate is carried out directly upon serum 
merely by addition of acid ferric chloride. Since the preliminary 
precipitation of protein is thus obviated, the analysis is not only 
shortened but greatly simplified. Furthermore, the actual ex- 
amination of a small sample of serum is quickly performed in the 
microphotoelectric colorimeter of Evelyn and Cipriani (7, 8), 
with the plunger type of absorption cell of Evelyn and Gibson 
(9). As Gibson and Evelyn (10) have shown in the case of “Evans 
blue” dye, this instrument is fully as reliable as the spectropho- 
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tometer, and has the added advantages of speed, simplicity, 
and economy. 
Selection of Color Filter 


The orange-red color developed when a ferric salt in acid medium 
is added to a solution of thiocyanate exhibits a broad band of 






FERRIC THIOCYANATE 


FILTER 520 








WAVELENGTH fmf 


Fig. 1. Spectrophotometric curves of ferric thiocyanate, ferric chloride, 
and Filter 520. The ordinates represent transmission measured in per cent. 


absorption in the blue range of the spectrum (Fig. 1).'. The- 
oretically, the color filter selected for photometric analysis should 
allow a maximum transmission at 460 mu. However, there is 
an objection to its use when applied to serum solutions, because 
of the behavior of bilirubin under the conditions of our method. 


!The absorption spectra were obtained at the Color Measurement 
Laboratory of the Massachusetts Institute of Technology. 
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When acid ferric chloride is added to thiocyanate-free serum, a 
green color develops, of which the intensity depends directly upon 
the amount of bilirubin present. This color apparently is due to 
the oxidation product or products of bilirubin. Malloy and 
Evelyn (11), from a study of the various absorption spectra of 
oxidation products of bilirubin, demonstrate that the maximum 
transmission for all occurs in the vicinity of 520 mu. Hence, 
when a color filter transmitting in this range is used, the least 
absorption of light by these pigments is allowed. Furthermore, 
any effect due to differences in the amount of bile pigments be- 
tween blank and test solutions is minimized. The absorption 
of light at 520 my by ferric chloride is small (Fig. 1), and is, more- 
over, compensated by the blank. The only other possible chromo- 
genic species in serum offering error is hemoglobin. This pigment 
presents an absorption band in the vicinity of 540 my, and, there- 
fore, precludes the possibility of applying a correction factor for 
hemolysis when a No. 520 filter is used. However, by careful 
collection of samples of blood, as will be described below, this 
error can invariably be obviated. 


Procedure 


Normally, there is a small and variable amount of thiocyanate 
present in serum. Recent determinations by Schreiber (5), 
Blum (12), and Stuber and Lang (13) range from 0.03 to 0.24 
mg. per cent. Because in this method the test solution is com- 
pared against a blank serum, the original amount normally present 
is not detected. This represents no great error, compared with 
the amount of thiocyanate present in serum after the administra- 
tion of usual doses. Previous to the administration of thio- 
cyanate, a fasting sample of blood was withdrawn as a blank. 
The test sample following administration was also taken pre- 
prandially to avoid the interference of lipemia. Every sample 
of blood was drawn into a dry suction bottle, as described by 
Peters and Van Slyke (14), and quickly transferred to a paraffined 
tube. When retraction of the clot had set in, the tube was centri- 
fuged for 15 minutes. The serum was then decanted into a 
clean dry tube, centrifuged for 10 minutes to remove any red 
cells, and carefully separated by a pipette from the remaining small 
residue of cells. Benzidine tests upon sera so treated invariably 
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showed no presence of hemoglobin. To 1 cc. of the blank serum, 2 
ce. of 0.7 gm. per cent FeCl;-6H,O in 0.2 Nn HCI were added, the mix- 
ture being shaken thoroughly to allow complete escape of bubbles 
formed by the reaction between the serum bicarbonate and the 
acid. The solution was then transferred to a 1 cm. depth absorp- 
tion tube and the galvanometer adjusted to 100, a No. 520 color 
filter being used. Then 1 cc. of the test solution was mixed with 
the same amount of acid ferric chloride reagent, the reading 
being taken 3 minutes after the two solutions were mixed. This 
time factor is of the utmost importance, as will be shown later. 
The galvanometric reading thus found was converted to con- 
centration in terms of thiocyanate by the use of a constant derived 
from a calibration curve. The result must be multiplied by 3, 
since 1 cc. of serum is diluted to 3 ec. after the addition of reagent. 
The capacity of the absorption tube being 1.1 cc., as little as 
0.5 ec. of serum with a proportionate amount of reagent may 
be used. 

Calibration Curve—Since, as will be shown, the concentration 
of thiocyanate is proportional to the negative logarithm of the 
light transmitted up to a certain limit, the following formula 
may be used 
u 2— log G 


‘ K 


where C is the concentration of the ferric thiocyanate? in the 
colored solution expressed as thiocyanate, G the galvanometric 
reading, and K a constant. 2 — log G may be expressed as L, 
the optical density.’ 


K = L/C 


To obtain K, known concentrations of thiocyanate were made up 
in serum, and the respective L values determined. Various lots 


? That ferric thiocyanate exists is questioned by Liberalli (15), who 
believes that the orange-red color is due to ferric ferrithiocyanate. How- 
ever, the results are all expressed in terms of thiocyanate and do not alter 
the conclusions. 

3 The term “optical density,’ 


, 


expressed as L, refers strictly to the 


average optical density measured with a polychromatic color filter in the 
photometer. Although only an approximation of the true optical density 
as obtained in a spectrophotometer with a monochromatic source of light, 
it is similar in the respect that it obeys the relation expressed as L = K X C. 
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of pooled sera, checked for hemolysis, were used. From three 
different initial stock solutions of potassium thiocyanate (3.000 + 
0.001 gm. as thiocyanate per 100 cc. of distilled water) appropriate 
dilutions of thiocyanate were made, yielding three series of con- 
centrations each ranging from 1.5 to 7.5 mg. per cent by steps 
of 1.5 mg. per cent. To 1.0 cc. of each member of the thiocyanate 
series, 1.0 cc. of pooled serum was added, followed by 1 ec. of 1.4 
gm. per cent FeCl;-6H,O in 0.4 n HCl. This amount of ferric 
chloride in acid yields a final concentration identical with that 
described in the above method. In the blank specimen, 1 ce. 








he 
04007 
0.300, 
0.200}- 
aloo}- 
i — = 1 i i 
7) as 40 45 20 25 


MG. PER CENT THIOCYANATE 


Fic. 2. Calibration curve of thiocyanate in a 1:3 dilution of serum. 
Each point represents the average of six determinations. 


of distilled water replaced the thiocyanate solution. The final 
colored solutions in a series possessed thiocyanate concentrations 
ranging from 0.5 to 2.5 mg. per cent. In each series determina- 
tions were made in duplicate. Hence, for every concentration, 
six L values were obtained. The calibration curve did not exceed 
2.5 mg. per cent, because it was found that above this value the 
relationship between L and C under the experimental conditions 
did not conform to a straight line. In Fig. 2 is plotted the average 
of each L value against its respective concentration. The average 
K, presented in Table I, was 0.1465 + 0.0025. 
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TABLE I 
Estimation of K for Thiocyanate Solution in 1 Cm. Depth of 1 Part Serum 
and 2 Parts Reagent (0.7 Gm. Per Cent FeCl;-6H,0 in 
0.2 n HCl) with a No. 520 Color Filter 


Each L value represents an average of six determinations. 








Concentration, mo. per cent. 050 | 1.00 | 1.80 | 2.00 | 2.50 
x00 niall lad | 0.074 | 0.147 | 0.223 | 0.290 0.359 
L/C = K.............| 0.148 | 0.147 | 0.149 | 0.145 0.144 
Average K...... | 0.1465 
| | | 0.0025 
TaB_e II 


Recovery of Thiocyanate Added to Normal and Jaundiced Sera 


The figures in the second column give the strength of thiocyanate of 
each | ce. portion added to 1 cc. of serum. 1 cc. of 1.4 gm. per cent FeCl,-- 
6H,0 in 0.4 nN HCl was used as reagent. The third column gives the actual 
thiocyanate concentration in the final test solution. The values observed 
are averages of duplicates. 











Medium of thivey anate = - ———_ Error 
| added in lee. | thiocyanate | observed 

mg. per cent mg. per cent mg. per cent per cent 

Pooled normal serum 0.75 | 0.25 0.25 0 
1.50 | 0.50 | 0.51 +2.0 
2.25 0.75 0.74 —1.4 
3.00 1.00 | 1.02 +2.0 
3.75 1.25 1.24 —0.8 
4.50 1.50 1.47 —2.0 
5.25 1.75 1.72 —1.7 
6.00 2.00 1.99 —0.5 
6.75 2.25 2.23 —0.9 
7.50 2.50 2.46 —1.6 
Serum bilirubin, 3.0 0.75 0.25 0.26 +4.0 
mg. per cent 3.75 1.25 1.24 —0.8 
6.75 2.25 2.21 —1.8 
Serum bilirubin, 7.2 1.50 0.50 0.49 —2.0 
mg. per cent 4.50 1.50 1.47 —2.0 
7.50 2.50 2.44 —2.4 














Recovery Experiments—Table II represents the recovery of 
thiocyanate from different samples of sera from normal and 
jaundiced patients. 











E. Ginsburg and N. Benotti 509 


From a fasting subject serum serving as a blank was withdrawn, 
and the absence of hemolysis ascertained. To 1 cc. samples 
various concentrations of thiocyanate were added in amounts of 
1 ec., followed by 1 cc. of 1.4 gm. per cent FeCl,-6H,0 in 0.4 n 
HCl. The resulting L values were converted to concentrations 
by use of K = 0.1465. In normal sera the found concentra- 
tions agreed with the actual concentrations within +2.0 per cent. 
In jaundiced sera the recovery of thiocyanate was slightly less, 
the error tending to increase with increasing concentrations of 
bilirubin. The highest degree of jaundice studied represented 
a severe grade (7.4 mg. per cent bilirubin), and one seldom en- 
countered. The recoveries obtained by our method compare 
favorably with results derived from the method in which the 
trichloro protein-free filtrate is used. Thus, Schreiber (5) pub- 
lished results indicating recoveries with a maximum error of 
+2.7 per cent. Crandall and Anderson (3) stated that their 
error was 1 to 3 per cent; while Lavietes, Bourdillon, and Kling- 
hofer (4) mentioned that they could recover 99 per cent of the 
thiocyanate. While equally as accurate, our method, however, 
greatly shortens and simplifies the procedure. The time-con- 
suming step involving precipitation of proteins from the serum 
is completely eliminated. 


Type, Concentration, and Purity of Reagents 


Type of Acid Ferric Reagent—Preliminary experiments to ascer- 
tain the effect of adding an aqueous solution of a ferric salt to a 
thiocyanate-free serum revealed the fact that an orange-red 
color developed under these conditions. Such behavior is to 
be expected, since the ferric salt undergoes partial hydrolysis 
to the orange-colored ferric hydroxide in a weakly acid solution. 
Consequently, it proved necessary to prepare the ferric reagent 
in acid medium. Further preliminary experiments upon the 
practicability of adding various mineral acids (HNO;, H,SO,, 
HCl) to serum without disturbing its clarity were tried. It was 
soon learned that even in mild strengths sulfuric and nitric acids 
produced an obvious turbidity, which, moreover, was rapidly 
progressive. Only hydrochloric acid in moderate strengths in 
a 1:3 dilution of serum proved to be acceptable. The faint 
turbidity encountered remained absolutely constant for 15 min- 
utes, a fact ascertained by measuring the transmission of light 
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through such a solution by means of the photoelectric colorimeter. 
Inasmuch as hydrochloric acid alone was compatible with serum, 
the corresponding ferric salt (FeCl;-6H:O) was chosen for the 
reagent. 

Effect of pH—The pH influences the colloidal properties and 
hence the turbidity of a protein solution. From the above, it 
was suggested that there is an optimum range of acidity within 
which the system is stable in respect to turbidity. Therefore, to 
a series of sera from the same lot, various strengths of hydrochloric 


TaBLe III 


Relative Turbidities As Influenced by pH of a Series of Thiocyanate Solutions 
in a 1:3 Dilution of Serum, Containing 3 Mg. Per Cent 
Thiocyanate and 0.47 Gm. Per Cent FeCl,;-6H,0 


Geo gives the transmission of light through these solutions relative to 
100 per cent transmission through air as a standard. Color filter No. 620. 
The final test solution was attained by mixing 1 cc. of serum, 1 ec. of 9 mg. 
per cent thiocyanate in various strengths of HCl, and 1 cc. of 1.4 gm. per 
cent FeCl,-6H,0. 








Relative 
In Tce. lots | "solution. | *£ansmie Remarks 
N 
0.05 2.90 63 .00 Increasing transmission within 5 min. 
0.10 2.50 67 .25 Stable 
0.20 1.95 70.00 ” 
0.30 1.65 70.00 # 
0.40 1.40 70.25 < 
0.50 1.30 70.00 . 
0.60 1.15 69.25 Progressive decrease in transmission 
0.70 1.05 64.00 = ” ' ” 














acid were added and the resulting nephelometric values measured. 
The Evelyn colorimeter was utilized as a nephelometer, a filter 
transmitting the light of the colored solution in question being 
used, as suggested by Evelyn (7). Since ferric chloride and 
ferric thiocyanate transmit practically 100 per cent in the orange- 
red portion of the spectrum (Fig. 1), a No. 620 color filter fulfilled 
this requirement. By such means were found the nephelometrit 
turbidities of serum solutions to which had been added various 
strengths of hydrochloric acid. The thiocyanate and ferric chlo- 
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ride concentrations were kept identical in the whole series. By 
necessity, the various turbidities were determined as values rela- 
tive to one another. This was accomplished by measuring the 
per cent of light permitted through each solution of the initial 
intensity transmitted through air and originally fixed at 100 on 
the galvanometric scale. Table III shows the nephelometric 
turbidity of serum related to the pH.‘ The turbidity is least 
between pH 1.95 and 1.30, and what is more important, it is 
absolutely stable over a period of 10 minutes. There is a definite 
advantage in having a wide range of pH in which to work. The 
buffering capacity of different sera vary; i.e., different pH values 
may be obtained in other sera to which the same strength of 
hydrochloric acid is added. Hence, a strength midway between 
the two limits affords a margin of safety and is applicable to all 
sera. This strength, as seen from Table III, is 1 part of 0.4 N 
HCl in a serum diluted 1:3. For this reason, when applied to 
the actual method, 2 cc. of reagent containing 0.2 n HCl were 
added to 1 cc. of serum. It is to be emphasized, further, that the 
turbidity encountered in the actual procedure is compensated by 
the blank, to which an identical amount and strength of acid 
is added. 

Concentration of Ferric Salt—As may be expected from the law 
of mass action, a solution of constant thiocyanate concentration 
develops an increasing intensity of color with increasing concen- 
tration of ferric ions. Fig. 3 represents the relationship between 
intensity of color and strength of ferric chloride in a 1:3 dilution 
of serum containing 3.0 mg. per cent thiocyanate. As indicated 
by the curve, a concentration of the ferric reagent of 1.2 gm. per 
cent in the final solution represents, for all practical purposes, 
the maximum value necessary to obtain the greatest depth of 
color for a given thiocyanate concentration. In order to deter- 
mine whether the maximum value represents the optimum for 
the range of thiocyanate herein described, further experiments 
were performed, the data of which are summarized in Fig. 4. 
Numerous curves were made relating optical density to thio- 
cyanate concentration, each differing from the others in respect 
to the strength of ferric chloride employed to develop the color. 


‘The pH was determined by the Coleman glass electrode pH meter. 
standardized against a buffer solution of pH 5.0. 
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Fia. 3. Relationship between color intensity and concentration of ferric 
chloride in the presence of a constant amount of thiocyanate. Absciss», 
gm. per cent of FeCl,;-6H,0O; ordinates, optical density with a No. 520 
color filter. Serum, 1 cc.;9 mg. per cent thiocyanate in H,O, 1 cc.; various 
strengths of FeCl,-6H,O in 0.4 n HCl, 1 ce. 
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MG. PER CENT THIOC YANATE 
Fic. 4. Each curve gives the relationship of thiocyanate concentration 
to optical density; they differ in respect to the concentration of ferric 
chloride. This relationship holds to a straight line up to L 0.360, regard- 
less of the thiocyanate or ferric chloride concentrations. The concentra- 
tion of FeCl;-6H,O corresponding to each curve is Curve I 0.23 gm. per 
cent, Curve II 0.35 gm. per cent, Curve III 0.47 gm. per cent, Curve IV 
0.70 gm. per cent, Curve V 0.93 gm. per cent, Curve VI 1.17 gm. per cent. 
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The curves indicate that optical density is a straight line function 
of thiocyanate concentration up to the vicinity of L = 0.360, no 
matter what the strength of ferric chloride used. Accordingly, 
if a low ferric concentration is chosen, the working range is high, 
but the optical density for a given thiocyanate concentration, 
i.e. the sensitivity, is low. For example, in 0.23 gm. per cent 
reagent (Curve I, Fig. 4), when L is 0.360, C is about 3.70 mg. 
per cent. Therefore, 0.001 L is equivalent to about 10 y per 
cent thiocyanate. On the other hand, in a high ferric concentra- 
tion, e.g. 1.17 gm. per cent (Curve VI, Fig. 4), the optical density 
is high, z.e. the sensitivity is greater (0.001 L = 5 y per cent 
thiocyanate), but the range of usefulness contracts to 2.0 mg. per 


TABLE IV 


Comparison of Color Intensities of Sera Containing Identical Amounts of 
Ferric Chloride but from Different Sources 
L refers to the optical density given by the Evelyn colorimeter with a 


No. 520 color filter. Final solution: 1 ce. of serum, 2 ec. of 0.7 gm. per 
cent | FeCl ‘6H:0 i in 0. 2N HC l. 


Source of FeCla: 6H:0 | L 
Old lot of Baker's s (c.P. .) RP es Sp rn eee 0.028 
Freshly opened lot, Baker (C.P.)...................0% 0.029 
i — eer eee | 0.030 

leads! PRE eae leis ARE | 0.029 + 0.001 





cent. We have chosen that strength of ferric reagent (0.47 gm. 
per cent) which gives a sensitivity midway between the two 
extremes mentioned above (0.001 L = 7.5 y per cent). The 
upper limit of the working range is thus fixed at 2.5 mg. per cent 
(Curve III, Fig. 4). How this range may be increased will be 
explained in the text following. 

Purity of Iron Reagent—Different lots of FeCl,;-6H,O were 
used in order to ascertain whether age and source of material will 
alter the optical properties of a serum solution of acid ferric 
chloride. Table IV represents the optical density developed in 
a serum solution containing ferric chloride from various sources. 
The blank consisted of an iron-free acid solution of serum and 
a No. 520 filter was used. Apparently any c.P. material is suitable. 
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Effect of Protein Content—Gregersen and Gibson (16) have 
shown that dilution of the protein content of dyed serum up to 
20 per cent of the normal has little or no effect upon the absorption 
spectra of certain of the vital dyes. Similarly, dilutions of the 
original serum up to 50 per cent do not affect the optical density 
of a thiocyanate solution (Fig. 5). Dilutions of a pooled serum 
were made with 0.85 per cent NaCl, and 1 cc. used for each deter- 
mination. From this point the procedure was the same as that 
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PER CENT OF PROTEIN CONG. 


Fic. 5. Effect of protein concentration upon the color intensity of a 
thiocyanate solution. Various protein concentrations were obtained by 
diluting normal serum with appropriate amounts of 0.85 gm. per cent 
saline. 1 cc. samples of these dilutions were mixed with 1 cc. of 7.56 mg. 
per cent thiocyanate and 1 cc. of 1.4 gm. per cent FeCl,-6H,O in 0.4N 
HCl. Therefore, the protein content corresponding to abscissa 100 per 
cent, contains one-third the amount of protein of the original serum (6.54 
gm. per cent), but the full amount under the conditions of the method. 








given in detail above. Protein determinations were performed 
according to the Kjeldahl semimicromethod for nitrogen as de- 
scribed by Pregl (17), with the acid digestive mixture of Campbell 
and Hanna (18). In view of the fact that diluting a ferric thio- 
cyanate serum solution with normal saline does not alter the 
absorption spectrum, it is evident that the upper limit of our 
method can be extended. This is simply done by effecting a 
dilution of serum containing more than 7.5 mg. per cent with 
normal saline and proceeding from that point as described above. 
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Thus, a concentration of thiocyanate as high as 15 mg. per cent 
can be accurately detected. As reported by Barker (1), Wald, 
Lindberg, and Barker (2), and Garvin (19), since this value marks 
the beginning of toxicity, there will be little necessity for measur- 
ing higher values, particularly in the field of determination of 
body water, where much lower values are desired. 

Effect of Time—The time elapsed between the addition of the 
ferric reagent to the thiocyanate solution and the actual reading 
of the color is of the highest importance. Fig. 6 indicates the 
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Fic. 6. Stability of color developed by ferric chloride in the presence of 
thiocyanate in a 1:3 dilution of serum. Ordinates, per cent of original 
color read 3 minutes after addition of ferric chloride to the thiocyanate 
solution. Curve A represents 2.36 mg. per cent SCN; Curve B, 2.00; 
Curves C and D, 7.47; Curve E, 7.00. 


per cent decrease from the original intensity of color measured 
photometrically from minute to minute. Any delay up to 10 
minutes can produce an error of 5 per cent. Apparently, the 
color fades after the 5th minute, and for this reason we have 
elected to take readings at the 3rd minute for the sake of uni- 
formity. As far as we are aware, two workers have called atten- 
tion to the phenomenon of fading. Schreiber (5) stated that 
this behavior can be detected after 3 days and, therefore, recom- 
mended making fresh ferric thiocyanate standards at the end of 
this time for colorimetric comparisons. According to our results, 
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his values for thiocyanate content in serum must have been far 
too low, derived as they were from standards up to 3 days old. 
As a matter of fact, Schreiber’s estimated values for the normal 
thiocyanate content of human sera are lower than those given by 
Blum (12) and Stuber and Lang (13). Urbach (20) cautioned 
that the final mixed solutions containing ferric thiocyanate 
should be read within 10 minutes. Even here, if this is not done 
at a uniform time, a small error may creep in. The effect of time, 
as illustrated in Fig. 6, does not occur solely in protein solutions; 
for, a similar fading has repeatedly been found to take place in 
distilled water and saline solutions. 

Effect of Temperature—No direct experiments were carried out 
to control this factor. However, the recovery experiments re- 
ported above were done on days varying in temperature between 
21.1° and 27.8°. The calibration curve is composed of experi- 
ments performed on days averaging 21.1°. While these observa- 
tions are only suggestive, no great error will be suffered, when 
there exist no extremes of temperature. 


SUMMARY 


1. A photometric method is described for the determination 
of thiocyanate in serum by the direct addition of an acid ferric 
chloride solution, thus obviating the need of removing serum 
proteins and, consequently, shortening and simplifying the pro- 
cedure. 

2. Thiocyanate has been recovered from normal serum within 
+2.0 per cent. From serum with a concentration of bilirubin 
as high as 7.4 mg. per cent, recovery experiments yielded as 
high as 96 to 99 per cent with the method described. The results 
are comparable to those reported in which the trichloroacetic 
filtrate method was used. 

3. The reagents have been examined in detail from the point 
of view of type and purity. The optimum pH and ferric chloride 
concentration have been ascertained. 

4. Dilution of the protein content with normal saline up to 50 
per cent of the original concentration does not appreciably affect 
the optical density of a given ferric thiocyanate solution. 

5. The color of ferric thiocyanate begins to fade at the end of 
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5 to 6 minutes, and a significant error may be encountered within 
10 minutes. All readings were taken 3 minutes after mixing. 

6. The method affords a working limit of 7.5 mg. per cent, 
in which range the Lambert-Beer law holds accurately. By dilu- 
tion of the original serum, the upper limit may be extended to 
15 mg. per cent with negligible error. 
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Renal insufficiency in the rat, produced by partial nephrectomy, 
is accompanied by a progressive development of polyuria and 
hyposthenuria, albuminuria, nitrogen retention, renal hyper- 
trophy, hypertension, and cardiac hypertrophy (1). The plasma 
protein concentration of these animals is not affected by the 
persistent albuminuria (2). Evidence has been presented that 
the lipid content of the liver and blood is altered, indicating that 
renal damage gives rise to secondary disturbances in other organs 
(3, 4). 

The present study describes the alterations in the serum and 
muscle after hydration and dehydration of intact and partially 
nephrectomized rats. The results of these experiments indicate 
that renal insufficiency produced by partial nephrectomy definitely 
influences the distribution of water and electrolytes. This effect 
does not appear to be due to any direct action of the kidney but 
rather to some indirect effect on the tissues themselves. 


Methods 


Rats of Wistar strain were used. Partial nephrectomy was 
performed on 60 day-old animals according to the procedure of 
Chanutin and Ferris (1); 80 to 90 per cent of the total renal tissue 
was removed. These animals were fed a diet containing dried 
extracted meat 80, cod liver oil 4, yeast 6, and salt mixture (Os- 


* This work was supported by a grant from the Penrose Fund of the 
American Philosophical Society. 


519 














520 Electrolyte Distribution 


borne and Mendel (5)) 4 parts, immediately after the operation; 
intact rats of the same age served for comparison. This diet 
caused a consistently marked degree of polyuria in the partially 
nephrectomized rats. 

After being on the diet for a minimum period of 3 months, the 
animals were subjected to the respective experimental procedures. 
Food was withdrawn 12 hours before the experimental period was 
begun and the animals were fasted until sacrificed. When water 
or saline was available, it was drunk ad libitum. The glucose and 
hypertonic saline solutions were injected intraperitoneally in 
amounts of 5 ec. per 100 sq. cm. of surface area. During the 
experimental period each animal was kept in an individual metab- 
olism cage. Inverted graduates fitted with stoppers and glass 
tubes were used for fluid reservoirs, thus allowing for intake 
measurements. 

The following methods were employed to produce changes in 
the distribution of water and salts in the intact and partially 
nephrectomized rats: (1) Food was withheld for periods up to 72 
hours, but water was available; (2) food and water were withheld 
for 24 hours; (3) 0.9 per cent sodium chloride was available up to 
48 hours in the absence of food; (4) 0.4 per cent sodium chloride 
was available to partially nephrectomized animals in the absence 
of food for 72 hours; (5) water was withheld and 5 per cent glucose 
was injected intraperitoneally; (6) water was withheld and 1.8 
per cent sodium chloride was injected intraperitoneally. 

At the time the animals were sacrificed, they were anesthetized 
with ether and blood was withdrawn from the abdominal aorta 
under oil with a needle and syringe. The blood was allowed to 
clot, centrifuged, and the serum removed. When peritoneal fluid 
was present, it was drained as completely as possible through an 
incision before the animal was bled. The muscles of both hind 
extremities were dissected off rapidly and freed of all visible fat. 
The tissue was ground in a small meat grinder and the minced 
muscle was throughly mixed with a spatula. It should be noted 
that there was an appreciable residue of connective tissue remain- 
ing in the grinder, which was discarded. Samples of the muscle 
hash were immediately weighed for chloride, total solids, and total 
base determinations. Owing to the lack of sufficient material, 
duplicate determinations could not be carried out. When subcu- 
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taneous edema was present, fluid was collected with a pipette 
from the subcutaneous tissue in the region of the groin, after a 
small skin incision had been made. In cases of marked edema it 
was possible to collect several ec. of clear fluid in a few moments. 

Chloride was determined in muscle by the Van Slyke procedure 
after preliminary alkaline digestion according to Sunderman and 
Williams (6). The chloride of the serum, peritoneal fluid, edema 
fluid, and urine was determined by the Van Slyke procedure (7) 
after wet ashing with nitric acid. The electrodialysis method of 
Keys (8) was used for the determination of total base in the 
original serum, peritoneal and edema fluids, and in the muscle ash 
dissolved in 0.1 N HCl. Muscle was ashed overnight in silica 
containers at a temperature of 490-500°. Muscle fat was deter- 
mined in dried tissue according to the procedure recommended by 
Hastings and Eichelberger (9). The specific gravity of serum 
was determined by the falling drop method of Barbour and 
Hamilton (10). . 

The calculations and principles for determining extra- and intra- 
cellular phases of muscle are those of Hastings and Eichelberger 
(9). The results obtained with muscle are expressed in terms of 
fat-free tissue. The symbols and abbreviations of Hastings and 
Eichelberger (9) and Manery and Hastings (11) are used in this 
paper. The letters Z, C, T, and S indicate extracellular phase, 
intracellular phase, total fat-free muscle, and serum, respectively; 
brackets indicate milliequivalents per kilo of water; parentheses 
indicate milliequivalents or gm. per kilo of muscle or serum. 

In order to calculate the absolute changes in the extra- and intra- 
cellular phases, Hastings and Eichelberger make the assumption 
that the absolute quantity of total solids of the intracellular phase 
remains unchanged during a given experimental period. Periods 


‘of fasting invalidate the calculation of absolute changes, and it is 


therefore necessary to utilize the data obtained directly in the 
muscle and serum to determine changes in water and salt distribu- 
tion. The absolute changes were calculated only in animals 
injected intraperitoneally in which the maximum period of 
observation is 7 hours. 

Effect of Food Deprivation for 24, 48, and 72 Hours in Intact and 
Partially Nephrectomized Rats (Table I). Intact Rats—During 
the first 2 days of fasting there were decreases in the percentage 
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values for the extracellular phases. The values for the water 
content per kilo of cells (H2:O)¢ showed a tendency to increase. 
The only striking change noted in the serum of these rats was in 
the gradual decrease of the specific gravities. These animals re- 
tain a small amount of the water drunk and excrete very small 
amounts of chloride. 

Partially Nephrectomized Rats—There is a very definite increase 
in the concentration of the muscle chloride as a result of fasting. 
The values for the extracellular phase are also significantly in- 
creased as a result of food deprivation. There is a tendency for 
the water content of the cells (H:O)¢ to decrease. In the serum 
the water content increases and the specific gravity decreases. 
There appears to be some elevation in the concentration of total 
base. These animals retain only a small percentage of the water 
drunk and excrete relatively small amounts of chloride. At the 
end of 72 hours, they have lost slightly more weight than the 
comparable intact rats. 

Comment—A definite difference is noted between the concen- 
trations of the extra- and intracellular phases in the intact and 
partially nephrectomized rats. These differences are particularly 
significant in the animals subjected only to the preliminary period 
of 12 hours of food deprivation. The muscle chloride concentra- 
tion is lower, the volume of the extracellular phase is smaller, and 
the values for serum specific gravity are higher in the partially 
nephrectomized rats. Although the differences between these 
values for the intact and partially nephrectomized rats are small, 
they appear to have a statistically significant difference. These 
experiments show that the distribution of water and salts is 
affected in the presence of renal insufficiency. Since the chloride 
and total base concentrations of the serum water are the same 
in the two groups, the difference in the water distribution must be 
due to a difference in the relations between the extracellular and 
the cellular fluids. Eichelberger (12) found no difference in the 
distribution of extra- and intracellular phases in the muscle of 
normal and hydronephrotic dogs. 

If water is available, food deprivation in intact rats appears 
to have comparatively little effect on the percentage concentration 
of water and salts. In these animals, the water drunk and the 
water obtained from tissue breakdown should be sufficient to bal- 
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ance the urinary and extrarenal excretion of water. The ex- 
tremely small amount of chloride excreted over a 3 day period is 
indicative of an efficient conservation of chloride. 

Under the same conditions, the water and salt distribution in 
the partially nephrectomized rats is definitely altered. The 
equivalent of practically all the ingested water is excreted in the 
urine. This inability to retain more water may be responsible for 
a compensatory breakdown of more tissue in these animals to 
supply the necessary water for extrarenal loss. The increase of 


Tasie II 
Effect of Dehydration for 24 Hours on Intact and Partially Nephrectomized 
Rats 
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See ‘Table I for explanation of the symbols. 
The figures in parentheses represent the number of rats for this deter- 


mination. 


the chloride concentration of the muscle cannot be interpreted as 
due to changes in the water concentration of the muscle or to a 
change in the chloride concentration of the extracellular fluid. 
A satisfactory explanation for the increased content of the extra- 
cellular phase is difficult to postulate. It can certainly be stated 
that these animals do not respond to water intake in the same 
manner as the intact rats. 

Effect of Water Deprivation for 24 Hours (Table II). Intact 
Rats—These animals (ten) excrete an average of 2.8 cc. of concen- 
trated urine. A comparison of the distribution of the extra- and 
intracellular phases and the water and electrolytes in the serum 
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and muscle with that of intact animals deprived of only food for 
the same time (Table I) shows no significant difference. 

Partially Nephrectomized Rats—An average of 12.9 cc. of dilute 
urine is excreted by these animals. There is a decrease in the 
water concentration of the total muscle and the muscle cells and 
an increase in the concentration of the muscular chloride and total 
base. The serum also shows the effect of dehydration in its 
decreased water content and increased concentration of chloride 
and total base. The percentage content of the muscular extra- 
cellular phase does not appear to be affected. 

Comment—During a 24 hour concentration test, the experi- 
mental rat suffers from the lack and loss of water. Water ex- 
creted in the urine, lungs, and feces must be derived from tissue 
breakdown or from the water reserves in the tissues themselves. 
The intact rat conserves salt and water by excreting small amounts 
in the urine. The hyposthenuria and polyuria are indicative of 
the inability of the partially nephrectomized rat to retain fluids. 

If the water concentration of the whole rat is assumed to be 66 
per cent (13), it can be calculated from the loss of body weight that 
the average partially nephrectomized rat weighing 155 gm. should 
lose 16 cc. of water. Since these animals excrete an average of 
13 cc. of urine and an appreciable amount of extrarenal water 
(Heller and Smirk (14)), it is obvious that water is supplied from 
sources other than from catabolic reactions. Such water must be 
derived from the reserves of the tissues themselves. From the 
data of Drake, McKhann, and Gamble (13), the average partially 
nephrectomized rat contains about 200 mg. of chloride. The 
average loss of 15 mg. of urinary chloride represents about one- 
half the calculated chloride liberated by tissue breakdown. 

Since the absolute loss of water from the muscle cannot be de- 
termined in the fasting, partially nephrectomized animal, one must 
depend on the changes in the phase volumes per kilo of tissue. 
Although such an approach is not directly informative, it suggests 
that water is supplied for excretion by the cellular phase. Appar- 
ently water is withdrawn from the cells owing to the increased 
osmolar concentration in the extracellular fluid. The percentage 
volume of the extracellular phase remains constant, despite the 
marked changes in water and electrolyte balance. 

Ingestion of 0.9 Per Cent Sodium Chloride. Intact Rats—These 
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animals, deprived of food and drinking saline ad libitum for 48 
hours, show no visible edema or ascites. Owing to the small 
number of data in the 48 hour “water” group, no definite conclu- 
sion can be drawn by comparing the changes noted as a result of 
saline ingestion (Table III). There is a tendency towards a 
decrease in the water content in the muscle cells and total muscle. 
The serum water is decreased but the total base and chloride 
concentrations per kilo of water remain unchanged. 

The amount of saline drunk varies between 73 and 154 ce. 
(average 116 cc.). The volume of urine excreted varies between 
70 and 82 per cent (average 78) of the volume of ingested saline 
and the chloride recovered varies from 35 to 41 per cent (average 
38). Despite the retention of appreciable amounts of water and 


TABLE III 
Effect of 0. 9 Per Cent Saline Ingestion for 48 Hours on Intact Rats 
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salt, the results indicate that the muscle and blood are not con- 
cerned with their retention. 

Partially Nephrectomized Rats—The data for individual animals 
are presented (Table IV) because of the large variations in results. 
The data for muscle are omitted because of the marked edema of 
the intermuscular fascia. The connective tissue of the muscle of 
these animals has a swollen, translucent appearance and “leaked” 
when handled. Subcutaneous fluid was easily obtained by making 
a small incision of the skin in the groin region. 

Edema of varying degrees was noted in fourteen of the sixteen 
rats studied. The water content of serum was increased in all 
cases. The chloride and total base concentrations varied mark- 
edly and appeared to have no relationship to the degree of edema. 
The specific gravities of the serum were markedly decreased in all 
the animals. 
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Analyses of the muscles in these rats gave the following results. 
The percentage of water varied from 76.6 to 79.2 for the first 24 
hours and from 77.2 to 82.9 for the 48 hour period ; the concentration 
of chloride per kilo of muscle after the Ist day varied from 21.6 to 
40.7 milliequivalents and from 25.8 to 50.7 milliequivalents after 
the 2nd day; the concentration of total base after the Ist day varied 


TaBLe IV 


Effect of Drinking 0.9 Per Cent Sodium Chloride for 24 and 48 Hours on 
Partially Nephrectomized Rats 
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from 151 to 169 milliequivalents and from 151 to 192 milliequiva- 
lents after the 2nd day. 

It was seen that there were large variations in the amount of 
saline drunk and in the urine and chloride excreted. There was an 
average recovery of 33 and 55 per cent of the ingested saline and 
14 and 27 per cent of the ingested chloride after 24 and 48 hours, 
respectively. The values for subcutaneous and peritoneal chloride 
and total base were variable and did not bear any consistent 
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relation to the values for the serum. The protein concentration 
of these transudates was not determined. 

Ingestion of 0.4 Per Cent Sodium Chloride for 72 Hours by Par- 
tially Nephrectomized Rats (Table V)—Partially nephrectomized 
rats, deprived of food, were allowed to drink 0.4 per cent saline. 
At the end of 48 hours these animals showed no visible edema and 
the experiment was therefore continued for 72 hours. In view 
of the absence of any marked change in the water balance in intact 
rats ingesting 0.9 per cent saline for 48 hours, control experiments 
with 0.4 per cent saline were not performed. 

There was obvious edema with some ascites in four of the twelve 
rats studied. The results obtained for the muscles of these four 
edematous animals are probably not representative, since there 
was some edema of the intermuscular fascia. Neither the con- 
centration of the serum water, chloride, or total base reflects the 
presence of obvious edema, but the specific gravities are markedly 
lowered. The volumes of saline drunk by these animals varied 
between 113 and 135 cc. and were markedly greater than the > 
values of the remaining rats in this group. The percentage of the 
saline volume excreted in the urine was variable and could not be 
used as an indicator for the presence of edema. Unfortunately, 
all the values for urinary chloride were not available but it was 
obvious that the greatest retention of ingested chloride was seen 
in the two rats (Nos. 87 and 88) showing the most marked edema. 
The values for the chloride and the total base concentrations per 
liter of peritoneal fluid of Rat 88 were 124 and 167 milliequiva- 
lents, respectively. 

No conclusions concerning the distribution of fluid in the muscles 
of the remaining eight rats can be drawn, since it is extremely 
difficult to judge the presence of minimal edema by gross examina- 
tion. The serum specific gravities of these rats are decreased 
below the control values with one exception. There is a slight 
increase in the concentration of chloride and total base of the serum 
in some of these animals. The volume of saline drunk varies 
between 54 and 83 ce. 

Comment—The degree of edema and ascites noted in the par- 
tially nephrectomized rats appears to be related to the amount of 
water and saline retained owing to renal insufficiency. This 
results in hydremia and lowered oncotic pressure, which would 
explain the occurrence of edema. 
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Effect of Intraperitoneal Injection of 5 Per Cent Glucose Solution— 
Data obtained at hourly intervals for muscle and serum after 
the intraperitoneal injection of isotonic glucose solution into 
intact and partially nephrectomized rats are presented in Table 


TABLE VI 


Effect of Intraperitoneal Injection of 5 Per Cent Glucose on Intact and 
Partially Nephrectomized Rats 


Time | 

















alter |Noof! (HO)p | (Chr | () | Oe | HO)s | (Clls | Sp. gr. 
tion | | | | 
Intact rats 
hrs. | 
1 | 5 |766 | 10.5 | 94 743° «| 919 108 | 1.0257 
| +1.0* | +0.67 | +3.4 | 41.4 | 41.9  +2.9 |+0.0005 
2 | 4 | 768 | 9.8 | 87 | 748 | 905 | 108 1.0289 
4 | 4 |766 | 9.0 | 8 | 743 | 906 98 1.0304 
5 | 16 | 771 9.0 | 87 749 890 99 1.0348 
| +0.83 | 40.65 | +2.49 | 40.77 | +6.7 | 44.2 |+0.0006 
6 | 5 | 769 | 9.0 | 87 | 747 | 908 | 99 | 1.0296 
(41.3 | 40.31/ 42.0 | 42.1 | +5.9 | 40.94 |40.0010 
7 | 5 |770 | 12.7 | 120 | 740 | 915 | 100 | 1.0278 
(£1.27 | $1.9 | £7.2 | 43.5 | £2.14 | 40.70 |+0.0007 
Partially nephrectomized 
1 | 3 | 763 | 11.8 | 102 | 729 | 920 | 111 1.0250 
2 | 3 | 767 | 14.5 | 134 | 734 | 904 = 105 | «1.0297 
3 | 3 | 761 13.5 | 122 | 728 | 904 105 | 1.0305 
4|3 |765 | 89 | 8 |744 (|910 |100 | 1.0281 
5 | 7 | 770 10.0 | 9 | 748 | 914 | 102 | 1.0267t 
+0.74*| £0.28 | +2.54 | £1.07 | $2.87 | +1.1 | 
6 | 4 | 755 12.0 | 106 (728 |910 | 109 | 1.0291 
7 | 3 | 753 11.2 | 100 | 735 | 905 | 108 | 1.0297 











See Table I for explanation of the symbols. 

* Standard error. No standard error calculated with less than five 
animals. 

+ Four rats used. 


VI. The absolute changes in extra- and intracellular phases per 
kilo of muscle are shown in Fig. 1. The calculations for these 
absolute changes were made by comparing with the “control” 
values of the animals subjected to the preliminary 12 hour period 
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of food deprivation. The average values for the total base and 
chloride concentrations and volume of peritoneal fluid are charted 
in Fig. 2. No urine was excreted during this period of observa- 
tion. The mechanism involved in the production of dehydration 
by this procedure is discussed by Darrow and Yannet (15), Gilman 
(16), and Eichelberger and Hastings (17). 

Intact Rats—During the first 6 hours after injection the average 
loss of fluid in the extracellular phase showed decreases varying 
between 27 and 34 gm. (Fig. 1). Hydration of the intracellular 
phase was noted throughout the experiment but the greatest effect 
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was obtained during the 5th and the 6th hours with increases of 
66 and 60 gm., respectively. The total muscle water content was 
increased as a result of these changes, particularly during the 5th, 
6th, and 7th hours. The chloride concentration of the muscle is 
markedly depressed during the first 6 hours. 

There was a marked decrease in the blood serum water and an 
increase in specific gravity accompanied by hemoconcentration. 
The maximum effects of dehydration were noted at the 5th hour. 
The chloride concentration of the serum decreased from the 
average control value of 113 milliequivalents to a minimum of 98 
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milliequivalents per liter of serum water. There was not enough 
serum available for total base determinations. 

The volume of peritoneal fluid recovered during the first 6 hours 
was slightly greater than that injected (Fig. 2). The concentra- 
tion of chloride and total base per liter of peritoneal fluid was 66 
and 83 milliequivalents, respectively, at the end of the Ist hour 
and gradually increased to 97 and 133 milliequivalents at the end 
of the 7th hour. During the 7 hour period, the chloride to total 
base ratio gradually increased from 0.73 to 0.79. During the 6th 
and 7th hours the chloride concentrations of the serum and perito- 
neal fluid were approximately the same. 

Partially Nephrectomized Rats (Table VI)—Owing to the small 
size of these animals and the marked hemoconcentration, the 
number of values for individual animals is small. The changes 
in the absolute values for the extracellular phase during the first 
7 hours are variable and relatively small (Fig. 1). Hydration of 
the intracellular phase is seen only during the 4th and 5th hours 
and these changes are not appreciable. The greatest changes 
in the chloride concentration of the muscle and serum are noted 
during the 4th and 5th hours after injection. There is a marked 
decrease in the water concentration of the serum accompanied 
by an increase in the specific gravity after the 1st hour. 

The percentage volume of peritoneal fluid recovered after in- 
jection is consistently greater than that of the intact rat (Fig. 2). 
The concentration of peritoneal chloride and base is also greater 
in these animals. The chloride to total base ratio gradually 
increases from 0.76 to 0.82 during the 7 hour period. 

Comment—Darrow and Yannet (15), Eichelberger and Hastings 
(17), and others have discussed the changes in the distribution of 
salt and water after intraperitoneal injection of isotonic glucose. 
In the intact rat, there is an immediate diffusion of electrolytes 
and water into the peritoneal cavity, which is responsible for a 
decreased osmolar concentration in the extracellular fluid. This 
is followed by a compensatory hydration of the cells in order to 
maintain osmotic equilibrium. After the 7th hour there appears 
to be a return of water from the cells to the extracellular fluids. 

The distribution of water and electrolytes in the muscles of the 
partially nephrectomized rats is quite different from that observed 
in the intact animals. Since the animals were anuric during the 
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experiment, these differences must be due to a direct effect on 
muscle as a result of renal insufficiency. Despite the marked 
dehydration, the changes in the extra- and intracellular phases 
of the muscles of these animals are comparatively small. One 
must assume that the muscle cells in these animals are refractory 
to changes in the osmotic pressure of the extracellular fluid. The 
salt and water diffusing into the peritoneal cavity must therefore 
be derived from tissues other than muscle. An adequate explana- 
tion for these results is difficult. 

Effect of Intraperitoneal Injection of 1.8 Per Cent Sodium Chloride 
—Data obtained at hourly intervals after the intraperitoneal 
injection of 1.8 per cent sodium chloride in intact and partially 
nephrectomized rats are presented in Table VII. The average 
values for the absolute changes in extra- and intracellular phases 
are shown in Fig. 3. The values for the total base and chloride 
concentrations and volume of peritoneal fluid and urine are shown 
in Fig. 4. Animals subjected to the same period of food depriva- 
tion served as controls (Table I) for the respective intact and 
partially nephrectomized groups. The type of dehydration 
produced by this experimental procedure is discussed by a number 
of workers (15, 17). 

Intact Rats—There is a small decrease in the extracellular vol- 
ume. These values are negligible but because of their consistency 
in the same direction they may have some significance (Fig. 3). 
The decreases in the values of intracellular phase are greater 
than those noted for the extracellular phase, but they also are 
relatively small. Since the values for the extra- and intracellular 
phases are both decreased, this is reflected in a lessened water 
content for whole muscle varying from 23 to 31 gm. per kilo during 
the 6 hour period of observation. The average values for the 
water content of the muscle cells (H:O)¢ are all lower than the 
average value of 732 of the intact control group (Table VII). 
The concentrations of the total base and chloride of the muscle 
are higher than those of the control animals. 

The changes in the water concentration and specific gravity of 
the serum are small and probably negligible. The chloride con- 
centration remains high throughout the experiment. The total 
base concentration is high during the first 3 hours and tends to 
return to normal after this time (Table VII). 
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Partially Nephrectomized Rats—There is an increase in the 
volume of the extracellular phase during the entire experiment. 


TaBie VII 


Effect of Intraperitoneal Injection of 1.8 Per Cent Sodium Chloride on Intact 
and Partially Nephrectomized | Rats” 


Time ] bed | 
after |No of | (H.0)r| (Chr (TB)p| (B) Orc |caar (Clg cane Sp. er. 
tion 











Intact rats 








hrs. | 
} 
1 | 5 (755 16.3 167 {117 oa 934 * a 
+0.39*/+0.35 £3.14/41.14/+2.39/42.0 | 0.00 
2 | 5& |755 15.5 |157 113 725 930 130 72 
41.45 |40.30+1.38 42.96/41. 39) +1.3842.18 41. 4 a ‘ae 
3 | 7 |756 15.0 |163 115 726 929 125 170 | 1.0245 
$1.6 |40.58\42.6 +3.54/+1.6942.25/+1.34.+1.74/ 40.0004 
4 | 6 (756 15.8 |154 119 725 929 {128 {168 | 1.0234 
+1.0 |4+0.66\44.5 45.4 +1.9 1. 48 +1.06 +1.95 +0.0004 
5 | 7 {754 15.2 (162 1120 ‘722 928 |122 165 | 1.0235 
+1.76 |£0.70)-+4.0 |-+7.86 +1. s2 +0.72/+0.93 +1.23 +0.0003 
6 | 7 (756 14.6 |156 [115 (726 (929/122 (168 | 1.0236 


+0.56 £0.43 +1.72 +3. 38/0. 71) j=l. 6 |=. 00) +0. 80) £0. Goes 


1.0244 














Partially nephrectomized — 





-1 


1 | 7 |756 | 20.7 170 |142 {718 932 140 1.0236 
+2. 36° +0. 73 4.9 +3.38'+1.0 41, 62) +0.0005 
2 | 8 (753 | 20.9166 {138 (712 jo31 (143 175 | 1.0241 
+1.39 40.73 +3.26 +7. 1743. 921.1 |1, .30)+1.36 0.0005 


3 | 8 (748 | 19.9 |170 133 71 934 [144 (181 | 1.0228 
£1.19 ret '+3.4 |41.8842.92.+1.49 +0.0005 
4 | 5 '748 | 19.0) 129 712 940 {142 | 1.0239 
42.4 |42.01 +0. 98)-+2. 0 45.55 +0 .0002 








5 | 4 (752 | 17.2 167/125 719 928 |129 {166 1.0237 


6 | 5 745 | 18.2 175 120712 932_—fdd 171 | 1.0243 
£2.09 +£0.42 |#1.75| 2.34) £2.59 +2. 5 0.0004 





| 








See Table I for explanation of the symbols. 
* Standard error. No standard error calculated with less than five 
animals. 


The greatest increase of 28 gm. is noted during the Ist hour and is 
followed by a progressive drop to a value of 2 gm. after the 6th 
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hour. There is a very definite and marked decrease in the values 
for the intracellular phases varying from 60 to 82 gm. The 
cumulative effect of these changes results in a decrease in the water 
content of the whole muscle. The chloride and the total base 
concentrations of the muscle remain elevated during the experi- 
mental period. 

There is a definite hydremia, as shown by the water content and 
the specific gravities of the serum. The chloride and total base 
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concentrations of the serum are markedly increased and remain 
high. 

The data for the peritoneal fluid and urine are presented in 
Fig. 4. The volume of injected saline recovered is consistently 
greater in the intact rats. The percentage of chloride and total 
base recovered in the peritoneal fluid is the same in both groups 
of animals. There is a marked absorption of electrolytes during 
the Ist hour, followed by a small progressive decrease during the 
remaining 5 hours. The volume of urine is greater in the par- 
tially nephrectomized rats but the difference between the amounts 
of chloride excreted is not so marked. 
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Comment—The intraperitoneal injection of hypertonic NaCl 
involves the absorption of salt into the blood and extracellular 
fluid, thus increasing their osmolar concentrations. In the intact 
animal, the muscle contributes a relatively small amount of water 
for the dilution of the added salt. 

There is a marked difference in the response of the partially 
nephrectomized rat to the intraperitoneal injection of hypertonic 
salt solutions. The intracellular phase loses large amounts of 
water and the extracellular phase is increased. The total loss 
of water from the muscle is comparatively large at all periods. On 
theoretical grounds this response would also be expected in the 
intact animal, since there is a very definite increase in the osmolar 
concentration of the extracellular phase which should be accompa- 
nied by a loss of water in an effort to attain osmotic equilibrium. 

During the first 2 hours after injection, the excretion of urine 
and chloride is about the same for the intact and partially nephrec- 
tomized rats. Therefore the difference in the extra- and intra- 
cellular phases during these periods cannot be due to kidney 
activity. The assumption can therefore be made that the marked 
difference in the distribution of water and salts during the re- 
mainder of the period is not due to the difference in the urinary 
volume and chloride excretion. The only explanation available 
for the differences noted in the distribution of water and salts 
in the muscles of the intact and partially nephrectomized rats is 
that possibly renal insufficiency causes a fundamental difference 
in the permeability of the tissues. 


SUMMARY 


The effect of hydration and dehydration on the blood and 
muscle of intact and partially nephrectomized rats has been 
studied. 

The extracellular phase and the chloride concentration of the 
muscle are greater in the “control’’ intact rats than in those 
partially nephrectomized. Deprivation of food for periods of 24, 
48, and 72 hours results in an increased percentage of extracellular 
phase and an increased concentration of cellular water in the 
muscle of the partially nephrectomized rats. 

Marked dehydration, produced in the partially nephrectomized 
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rat by depriving it of food and water for 24 hours, is followed by a 
decrease in the cellular water and a concentration of electrolytes 
in the extracellular phase. Intact animals show no difference in 
the electrolyte and water distribution after this same treatment. 

Voluntary ingestion of 0.9 per cent sodium chloride for 24 and 
48 hours causes a marked subcutaneous edema and ascites in the 
partially nephrectomized rats. The intermuscular fascia of the 
muscle is also found to be markedly edematous. The blood 
serum is hydrated and the concentration of electrolytes is in- 
creased. Intact animals under similar conditions show compara- 
tively small changes. 

Voluntary ingestion of 0.4 per cent sodium chloride for 72 hours 
is followed by visible edema in a small percentage of partially 
nephrectomized animals. There is evidence of appreciable 
hydremia in all animals. 

Intact and partially nephrectomized rats were dehydrated by 
injection of isotonic glucose into the peritoneal cavity and the 
water and electrolyte changes in serum, peritoneal fluid, and 
muscle were studied. In the intact animals there was a marked 
shift of fluid into the muscle cells, particularly after the 5th and 
6th hours after injection. Although the partially nephrectomized 
animals showed a definite hemoconcentration and a decrease in 
serum chloride concentration, the absolute changes in the distribu- 
tion of water were small and variable and are in no way comparable 
to those noted for the intact rats. 

Injection of 1.8 per cent sodium chloride into the peritoneal 
cavity of the intact rat causes a slight decrease in the volumes of 
the extra- and intracellular phases during the first 6 hours. Under 
similar conditions, there is an increase in the values for the extra- 
cellular phase and a relatively marked decrease in the intracellular 
volume of the partially nephrectomized rat. 

The evidence presented in these experiments indicates that 
renal insufficiency exerts an effect on the distribution of fluid in 
muscles. Two factors concerned are (a) the inability to retain 
or excrete water and salts due to the kidney damage and (b) an 
alteration in the osmotic relationship between the muscle cells 
and the extracellular fluid. 
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THE CHEMISTRY OF THE LIPIDS OF TUBERCLE BACILLI 


LVIII. CONCERNING THE FIRMLY BOUND LIPIDS OF THE 
SO CALLED LEPROSY BACILLUS* 


By WALTON B. GEIGER, Jr., ann R. J. ANDERSON 
(From the Department of Chemistry, Yale University, New Haven) 


(Received for publication, September 27, 1939) 


The present report is a continuation of studies conducted in this 
Laboratory on the composition of the firmly bound lipids of acid- 
fast bacteria. The first report on this subject dealt with the 
firmly bound lipids of the human tubercle bacillus (1) and it was 
found that the lipids could be separated by filtration through a 
Chamberland porcelain filter into a filtrable and an unfiltrable 
fraction. Both fractions on saponification were found to consist of 
fatty acids and a polysaccharide. The unfiltrable lipid contained 
about equal parts of polysaccharide combined with a hydroxy acid 
of high molecular weight which was similar to or identical with 
mycolic acid (2). The filtrable fraction contained about 25 per 
cent of polysaccharide and 75 per cent of fatty acids of which 
about 53 per cent was mycolic acid. 

It was shown in the first report on the lipids of the so called 
leprosy bacillus by Uyei and Anderson (3) that the bacteria which 
had been extracted with alcohol-ether and with chloroform 
yielded about 17 per cent of additional ether-soluble lipids after 
the cell residues had been treated with dilute hydrochloric acid. 
The composition of this material, which we designate by the term 
firmly bound lipids, forms the subject of the present report. 

The firmly bound lipids isolated from the leprosy bacillus were 
easily soluble in ether and in chloroform and these solutions passed 
completely through a Chamberland filter without leaving any 


* This investigation has been supported by a grant from the Leonard 
Wood Memorial. 

An abstract of this paper was presented before the Third International 
Congress for Microbiology, New York, September 2-9, 1939. 
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unfiltrable fraction. As will be described in the experimental 
part, it was possible to separate the bound lipids into three prin- 
cipal fractions by precipitation from ethereal solution by addition 
of alcohol or acetone. The present report concerns itself with the 
composition of the least soluble material which melted between 
175-185° and which was designated Fraction I. On saponifica- 
tion the substance gave about 40 per cent of water-soluble carbo- 
hydrate and 66 per cent of ether-soluble material. 

The composition of the carbohydrate will be reported in a 
separate publication. 

The ether-soluble fraction was separated into 91.8 per cent of 
fatty acids and 8.3 per cent of unsaponifiable matter. The fatty 
acids consisted mainly of hydroxy acids of high molecular weight, 
which resembled leprosinic acid (4) in properties. The unsaponifi- 
able matter was a mixture containing the higher alcohols d-eico- 
sanol-2 and apparently d-octadecanol-2. The same alcohols are 
also present in the unsaponifiable matter of the wax fraction 
called leprosin (4). 


EXPERIMENTAL 


The bacterial residue used in this investigation was that which 
remained after exhaustive extraction with alcohol-ether and 
chloroform in the work described by Uyei and Anderson (3). The 
dried bacterial residues had been stored in a tightly stoppered 
bottle. All solvents used had been freshly distilled and the 
alcohol and ether had been distilled over potassium hydroxide. 
Air was displaced during all operations as much as possible with 
carbon dioxide or nitrogen. All extracts in either ether or chloro- 
form solution were passed through Chamberland filters to remove 
bacterial cells. All of the extracts passed completely through the 
filters without leaving any unfiltrable lipid. 

Extraction with 25 Per Cent Alcohol—In order to remove water- 
soluble products the bacterial cells, 500 gm., were extracted with 
1.5 liters of 25 per cent alcohol, after which the cells were filtered 
off and washed with 25 per cent alcohol and with alcohol. By 
means of basic lead acetate and ammonia the extract yielded 8.34 
gm. of polysaccharide as a nearly white powder. This product 
was reserved for other experiments. 

Extraction with Acidified Alcohol-Ether—The bacterial residue 
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was next digested on a water bath at 50° under a reflux with a 
solution containing 1 liter of alcohol, 1.5 liters of ether, and 45 cc. 
of concentrated hydrochloric acid. After being cooled to room 
temperature, the cells were filtered off and washed with alcohol- 
ether until the washings were neutral to litmus. The cells were 
further exhaustively extracted with alcohol-ether, with ether, and 
with a 50 per cent mixture of ether and chloroform. 

The extracts after filtration through Chamberland filters were 
concentrated under reduced pressure to dryness and the residue 
was dissolved in a small volume of ether. The ethereal solution 
was stirred into 2.5 volumes of cold alcohol. The white amorphous 
precipitate which separated was filtered off and washed with 
alcohol. The filtrate, after concentration to remove ether, 
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The total bound lipids amounted, therefore, to 19.2 per cent of the dry 
bacterial residue. 








deposited a small amount of a white precipitate which was col- 
lected and combined with the first lot. The filtrate on concen- 
tration to dryness in vacuo left an oily or semisolid residue, which 
was designated Fraction III. The white precipitate mentioned 
above was repeatedly precipitated from ethereal solution by the 
addition of acetone and cooling. The product thus obtained 
was a white amorphous powder which melted between 175-185° 
and was designated Fraction I. The mother liquors on concen- 
tration and cooling yielded a white amorphous powder which 
melted between 50-53°, and was designated Fraction Il. The 
properties of this fraction were very similar to those reported for 
leprosin (4). 

The amount of the different fractions is shown in Table I. 

Investigation of Fraction I—The properties and composition of 
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Fraction I were studied and the results are presented in this report. 
Fraction I was a white amorphous powder and different prepara- 
tions melted at 175-185°. The substance contained no phos- 
phorus and only a trace of nitrogen and on combustion it left no 
weighable ash. In chloroform solution it showed the specific 
rotation of +26.9°. 

Saponification of Fraction I—A portion of Fraction I was saponi- 
fied and the cleavage products were determined. For saponifica- 
tion 20.0 gm. of the substance were dissolved in 200 cc. of benzene 
and 100 cc. of 5 per cent alcoholic potassium hydroxide were added. 
The solution was perfectly clear at first, but after 20 minutes it 
turned cloudy and after standing at room temperature overnight 
a gummy mass had separated on the bottom of the flask. The 
supernatant solution was decanted and the insoluble material was 
washed with benzene. 

Isolation of the Carbohydrate—The benzene-insoluble residue 
was dissolved in water and the solution was acidified with acetic 
acid and extracted with ether. The ethereal extract was washed 
with water until the washings were neutral to litmus, after which 
the ethereal solution was dried over sodium sulfate, filtered, and 
evaporated to dryness. The slight residue was dissolved in ben- 
zene and added to the main benzene-alcohol solution. 

The aqueous solution and washings were combined and concen- 
trated in vacuo to a thick syrup. The syrup was stirred up with 
about 1 liter of 95 per cent alcohol, whereupon a gum-like mass 
separated. The supernatant solution was decanted and the in- 
soluble material was dissolved in a little water and the solution 
was filtered through a layer of norit. The nearly colorless filtrate 
was concentrated to a syrup in vacuo and poured into 300 ce. of 
absolute alcohol. The gum-like mass which separated was con- 
verted on trituration into a nearly white amorphous powder which, 
after being filtered off, washed with alcohol, and dried in vacuo, 
weighed 8.1 gm., which is equal to 40.5 per cent of the lipid. This 
material, which represented the carbohydrate fraction, was prac- 
tically free from ash, phosphorus, and nitrogen. It gave no reduc- 
tion with Fehling’s solution but after hydrolysis with 5 per cent 
sulfuric acid it strongly reduced Fehling’s solution. The sub- 
stance gave the usual color reactions for pentose, but color reac- 
tions for ketose and glucuronic acid were negative. The analysis 
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and cleavage products of the carbohydrate will be reported in a 
separate paper. 

Isolation of Ether-Soluble Constituents—The benzene-alcohol 
solution mentioned above was refluxed on a water bath for 16 
hours. After the solution had cooled, the excess of potassium 
hydroxide was removed by means of carbon dioxide and the 
potassium carbonate was filtered off, washed with benzene, and 
discarded. The filtrate containing the ether-soluble constituents 
was concentrated to about 100 ce. and mixed with 250 ce. of ether. 
The solution was washed thoroughly, first with dilute hydrochloric 
acid and then with water. The solution was dried with sodium 
sulfate and evaporated to dryness. The residue was a wax-like 
mass which weighed 13.284 gm., corresponding to 66.4 per cent of 
the lipid. 

The dilute hydrochloric acid and washings were combined, neu- 
tralized with potassium hydroxide, and evaporated to dryness in 
vacuo. The residue was examined for glycerol in the usual manner 
but none was found. 

Separation of Ether-Soluble Constituents—The wax-like material 
described above was dissolved in 50 cc. of ether and the solution 
was poured into 250 ce. of cold alcohol. The white amorphous 
precipitate which separated was filtered off, washed with alcohol, 
and dried in vacuo. The filtrate was concentrated under reduced 
pressure to a volume of about 50 cc., whereupon a small amount 
of a solid substance separated which was collected, washed, and 
dried and added to the first lot. The alcohol-insoluble substance 
was a white powder which weighed 11.27 gm. This fraction, 
which contained the hydroxy acids of high molecular weight, was 
examined, as will be described later. 

Examination of Alcoholic Solution for Fatty Acids and Neutral 
Substances—The alcoholic solution after removal of the hydroxy 
acids was concentrated to dryness in vacuo. The residue, which 
weighed 2.0 gm., was dissolved in 50 ec. of hot alcohol and the 
solution was mixed with a hot alcoholic solution of lead acetate. 
The lead salt which separated on cooling was collected and washed 
with alcohol, after which it was decomposed in ether suspension 
with dilute hydrochloric acid. The ether solution on evaporation 
to dryness was found to contain 0.718 gm. of white, solid fatty 
acids which were not further examined. 
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The filtrate from the lead salts was concentrated nearly to dry- 
ness under reduced pressure. The residue was treated with dilute 
hydrochloric acid and extracted with ether and the ethereal extract 
was washed first with water until the washings were neutral, after 
which it was washed with 2 per cent aqueous potassium hydroxide 
in order to remove any fatty acids whose lead salts had been 
soluble in alcohol. The alkaline extract on acidification and 
extraction with ether gave 0.15 gm. of fatty acids as a light yellow- 
colored oil. This fraction was not further examined. 

The ethereal solution after the alkaline extraction was washed 
with water, dried over sodium sulfate, and evaporated to dryness. 
The residue, consisting of neutral material, formed a white crys- 
talline mass which weighed 1.103 gm., which corresponds to 5.51 
per cent of the lipid. 

Examination of the Neutral Material. Isolation of d-Eico- 
sanol-2—The neutral material was repeatedly recrystallized from 
ethyl acetate and acetone. A top fraction was obtained in the 
form of colorless prismatic crystals which melted at 62-63° and 
there was no depression of the melting point when the substance 
was mixed with d-eicosanol-2, which melted at the same tempera- 
ture. The specific optical rotation in ether solution was +6.94°. 
The properties identify the substance as d-eicosanol-2._ From the 
mother liquors a more soluble alcohol was isolated that melted at 
49° and which resembled d-octadecanol-2. The results obtained 
indicate that the neutral material consisted principally of the two 
higher alcohols d-eicosanol-2 and d-octadecanol-2, which were 
previously found in the unsaponifiable matter of leprosin (4). 

The Hydroxy Acids—The alcohol-insoluble material obtained 
as mentioned above was easily soluble in ether, chloroform, and in 
benzene, but practically insoluble in alcohol and in cold acetone. 
The substance separated from ether solution on addition of an 
equal volume of acetone and cooling in the form of colorless 
globular particles which melted at 62°, [a], in CHCl = +5.2°. 
The molecular weight found by titration was 660 and by the Rast 
method, with the methyl ester, was 800. The properties and 
solubility of the substance strongly resembled those of leprosinic 
acid (4). 

In order to determine whether saponification was complete 7.29 
gm. of the substance were refluxed for 24 hours in a solution con- 
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taining 160 cc. of benzene and 80 cc. of 5 per cent potassium 
hydroxide. The reaction products were isolated and separated 
exactly as described for the first saponification. The following 
products were obtained: alcohol-insoluble hydroxy acids 6.80 gm., 
solid fatty acids from the alcohol-insoluble lead salts 0.105 gm., 
liquid fatty acids 0.005 gm., and neutral material 0.190 gm., thus 
showing that the first saponification had been incomplete. 

The hydroxy acid isolated after the second saponification was 
purified by precipitation from ether solution by addition of acetone 
and cooling. The substance was a white amorphous powder 
consisting of fine globular particles. The properties were essen- 
tially the same as before; namely, m.p. 63°, [a], in CHCl, = +5.2°, 
mol. wt. by titration 628. 

The acid was separated into two principal fractions as follows: 
The acid was dissolved in 300 cc. of ether, 180 cc. of aleohol were 
added, and the solution was neutralized to phenolphthalein with 
alcoholic potassium hydroxide. The potassium salt which had 
separated on standing overnight was filtered off and the free acid 
was prepared by shaking an ethereal suspension of the salt with 
dilute hydrochloric acid. The precipitation of the potassium 
salt was repeated a second time, after which the free acid was 
regenerated as mentioned above and purified by precipitation from 
ether solution by the addition of acetone and cooling. The 
product thus obtained was designated Fraction I and the proper- 
ties and composition are recorded in Table I. 

The more soluble material which remained in the mother liquors 
was recovered and the precipitation of the potassium salt was 
repeated, but only a small amount of an insoluble salt was ob- 
tained. The substance contained in the mother liquor was 
recovered, and the free acid was prepared and precipitated from 
ether solution by addition of acetone and cooling. The properties 
and composition of this product designated Fraction II are given 
in Table II. 

It is apparent from the analytical values that both fractions of 
the hydroxy acids, although probably not pure, are practically 
identical in composition. The values found agree approximately 
with the calculated composition of an acid having the formula 
CssHieOs. Calculated for CssHieO, (876), C 79.45, H 13.24. The 
difference in molecular weight may depend upon lactone formation. 
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The acids were saturated compounds, since they absorbed no 
iodine when tested by the Hanus solution. 

The methyl esters were prepared by methylation with diazo- 
methane in ethereal solution. The hydroxyl values of the esters 
would indicate one hydroxyl group but the nature of the other 
oxygen atom is unknown. Both fractions gave negative results 
for methoxyl when tested by the Zeisel method. The further 
study of the hydroxy acids and the determination of their con- 
stitution must remain a problem for future investigations. The 
development of new methods for purification of compounds such 
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as the hydroxy acids is necessary before any further progress can 
be made. 

Pyrolysis of Fraction I—It has been shown in previous experi- 
ments in this Laboratory that hydroxy acids isolated from the 
waxes of the human, bovine, and avian tubercle bacilli on pyrolysis 
yield volatile crystalline fatty acids. Thus mycolic acid (2) and 
bovine mycolic acid (5) yield normal hexacosanoic acid, while 
avian 6-mycolic acid (6) gave normal tetracosanoic acid and avian 
a-mycolic acid (6) gave a pentacosanoic acid which probably con- 
tained a branched chain structure. 

In view of these earlier observations it appeared of interest to 
subject the hydroxy acids of the leprosy bacillus isolated in the 
present investigation to the same reaction. Fraction I, of which 
the larger amount was available, was accordingly heated under 
reduced pressure as follows: 1.5 gm. of the acid were heated in a 
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small distilling flask provided with a wide side arm in an air bath. 
A colorless distillate which crystallized immediately in the cold 
part of the tube came over between 250-270° at 1 mm. pressure. 
The flask was heated to 330° but very little additional volatile 
material came over. The distillate weighed 0.229 gm., corre- 
sponding to 15.2 per cent of the starting material. 

The non-volatile residue in the distilling flask was a faintly 
yellowish brittle solid at room temperature that melted between 
55-58°. The substance was unsaturated and gave an iodine 
number of 29. This material has not been further investigated. 

Examination of Distillate—The crystalline distillate was recrys- 
tallized thirteen times from acetone and gave a product crystalliz- 
ing in feathery form which weighed 0.120 gm. and melted at 76 
77°. A second fraction isolated from the mother liquor melted 
at 75°, while a third fraction from the final mother liquor melted 
at 65-70°. These results would indicate that the distillate was 
not a homogeneous substance. The top fraction, m.p. 76-77°, 
resembled in crystal form and solubility the pentacosanoic acid 
obtained on pyrolysis of avian a-mycolic acid (6), which melts at 
78-79°. A mixed melting point of the two acids showed no 
depression. The molecular weight found by titration was 370. 

The silver salt was prepared by adding an alcoholic solution of 
silver nitrate to an alcoholic solution of the potassium salt of the 
acid. The silver salt, which separated as a white amorphous 
precipitate, was filtered off, washed with alcohol, and dried in 
vacuo. For analysis the silver salt was burned in a porcelain 
crucible and the residue of metallic silver was weighed. 


Analysis—60.211 mg. silver salt gave 9.223 mg. Ag 
CosH47O.Ag (474.88). Calculated, Ag 22.71; found, Ag 22.29 


The analytical values found are in agreement with the calculated 
composition of a tetracosanoic acid. However, the low melting 
point and crystal form indicate that the acid does not possess a 
normal straight chain configuration. 


SUMMARY 


1. The so called leprosy bacillus after exhaustive extraction with 
alcohol-ether and chloroform contained 19.2 per cent of firmly 
bound lipids which could be removed by extraction with ether 
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and chloroform after the partly defatted cells had been treated 
with dilute hydrochloric acid. The lipids thus obtained were 
separated into three main fractions which varied greatly in 
properties and solubility. 

2. The least soluble lipid fraction, a white amorphous powder, 
m.p. 175-185°, was saponified and gave 40.5 per cent of carbo- 
hydrate and 66.4 per cent of ether-soluble compounds. 

3. The ether-soluble compounds were mainly hydroxy acids 
similar to leprosinic acid, but a small amount of lower fatty acids 
was present together with unsaponifiable or neutral material. 

4. The neutral material contained d-eicosanol-2 and d-octa- 
decanol-2. 

5. The hydroxy acid was optically active but was apparently a 
mixture from which no definitely pure acid could be isolated. 

6. The hydroxy acid when heated in vacuo to 250-270° decom- 
poses, yielding 15.2 per cent of crystalline acids which distil off. 
A crystalline tetracosanoic acid, m.p. 76-77°, having probably a 
branching chain structure, was isolated from the volatile acids. 
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THE CHEMISTRY OF THE LIPIDS OF TUBERCLE BACILLI 


LIX. THE COMPOSITION OF THE POLYSACCHARIDE OF THE 
FIRMLY BOUND LIPIDS OF THE LEPROSY BACILLUS* 


By R. J. ANDERSON anp M. M. CREIGHTONT 
(From the Department of Chemistry, Yale University, New Haven) 


(Received for publication, September 27, 1939) 


Investigations in this Laboratory have shown that the lipids of 
the acid-fast bacteria differ in composition from ordinary lipids of 
plant or animal origin. Although the bacteria have been culti- 
vated on the Long synthetic medium in which glycerol is the chief 
source of carbon, yet glycerol is present to a very minor extent in 
the lipid fractions. 

In the case of the lipids of the so called leprosy bacillus it has 
been found that the phosphatide (1) contains a polysaccharide 
which yields mannose, inosite, and probably glucose on hydrolysis. 
The acetone-soluble fat (2) is not a glyceride but represents esters 
of fatty acids with the disaccharide trehalose. A wax-like fraction 
called leprosin (3) on the other hand was found to be a glyceride, 
since the only water-soluble compound was glycerol. 

In the analysis of a fraction of the firmly bound lipids of the 
leprosy bacillus (4) it was found that about 40 per cent of the 
material was a polysaccharide. The cleavage products of this 
polysaccharide which are liberated on hydrolysis are reported in 
this paper. The reducing sugars set free on hydrolysis amounted 
to about 50 per cent calculated as glucose and consisted mainly of 
d-arabinose but a small amount of galactose was also isolated. 


* The present report is a part of a cooperative investigation on tuber- 
culosis; it has been supported partly by funds provided by the Research 
Committee of the National Tuberculosis Association and by a grant from 
the Leonard Wood Memorial. 

An abstract of this paper was presented before the Third International 
Congress for Microbiology, New York, September 2-9, 1939. 

t Holder of a National Tuberculosis Association Fellowship at Yale 
University, 1938-39. 
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Some other reducing sugar which gave pentose color reactions 
was also present but could not be identified. The only cleavage 
products that could be accounted for were the reducing sugars. 
The nature of the balance of the polysaccharide molecule could 
not be determined. It should be noted and it is a curious fact 
that the carbohydrate constituents occurring in the several lipid 
fractions of the leprosy bacillus that we have studied are entirely 
different in composition. 


EXPERIMENTAL 


The polysaccharide had been isolated after saponification of 
the high melting fraction of the firmly bound lipids of the leprosy 
bacillus, as described by Geiger and Anderson (4). The sub- 
stance was a nearly white powder that was practically free from 
ash. It contained no phosphorus and only a trace of nitrogen. 
It gave no reduction with Fehling’s solution but after hydrolysis 
with 5 per cent sulfuric acid the maximum reduction was attained 
in 2.5 hours and amounted to 50.5 per cent calculated as glucose. 

Color Reactions—The aqueous solution of the polysaccharide 
gave pentose color reactions with orcinol and phloroglucinol but 
no coloration was obtained with resorcinol. The naphthore- 
sorcinol test was negative, thus indicating the absence of glu- 
curonic acid. 

Precipitin Reaction—The polysaccharide gave a definite pre- 
cipitin reaction in a dilution of 1:2,000,000 when tested against 
immune horse serum. 

Determination of Pentose by Distillation with 12 Per Cent Hydro- 
chloric Acid—In order to determine the amount of pentose and to 
test for the presence of methylpentose 1.0220 gm. of the poly- 
saccharide were distilled with 12 per cent hydrochloric acid and 
gave 0.4871 gm. of phloroglucide. This value corresponds to 
48.3 per cent of pentose. The phloroglucide was treated with 
warm alcohol but there was no appreciable loss in weight, thus 
indicating absence of methylpentose. 

The solution in the distillation flask was treated with norit, 
filtered, and evaporated to dryness in vacuo. The residue was 
examined for inosite but no crystals could be obtained and the 
Scherer reaction was entirely negative. 

Hydrolysis of the Polysaccharide—A portion of the crude poly- 
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saccharide weighing 2.5 gm. was hydrolyzed by refluxing in 25 ce. 
of 5 per cent sulfuric acid for 5 hours. After the reaction mixture 
had cooled, it was extracted several times with chloroform and 
the extract was evaporated to dryness but only a trace of residue 
was obtained. The result shows that fatty acids or phenolic com- 
pounds soluble in chloroform were absent. The solution was 
freed of sulfuric acid quantitatively with barium hydroxide, 
decolorized with norit, and concentrated in vacuo to a volume of 
28 cc. 

Test for Mannose—1.0 ec. of the above solution was removed 
and mixed with phenylhydrazine dissolved in a few drops of 
alcohol. No insoluble hydrazone separated even after the solu- 
tion had stood for several days, thus indicating that mannose 
was absent. 

Isolation of d-Arabinose by Means of Benzylphenylhydrazine— 
The balance of the sugar solution, 27.0 cc. or 96.4 per cent of the 
total, was concentrated in vacuo to a volume of 6.0 cc. and mixed 
with 2.0 gm. of benzylphenylhydrazine dissolved in 12.0 cc. of 
absolute alcohol. The solution was warmed gently for a few 
minutes until crystallization began. After the mixture had stood 
for several hours in the refrigerator, the crystals were filtered off 
and washed thoroughly with cold 75 per cent alcohol and with 
ether. 

The filtrate was examined for galactose, as will be described 
later. 

The crystalline hydrazone was snow-white and weighed 2.2 gm., 
corresponding to 41.4 per cent of d-arabinose in the polysaccharide. 
The hydrazone was recrystallized from 50 cc. of 75 per cent alcohol, 
yielding 1.9 gm. of snow-white crystals which melted at 174°. 
There was no depression of the melting point when the crystals 
were mixed with an authentic sample of d-arabinose benzyl- 
phenylhydrazone. 

The hydrazone was decomposed with benzaldehyde in the 
usual manner and the free sugar was isolated and recrystallized 
from a little water. The crystals were stirred up with cold 80 
per cent alcohol, filtered off, washed with alcohol, and dried. The 
yield was 0.57 gm. of colorless prismatic crystals which melted 
at 156-157°. 

Rotation—0.1042 gm. of substance dissolved in water and 
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diluted to 10.0 ec. showed in a 1 dm. tube mutarotation but 
reached the constant value of —1.07°, hence [a]* = —102.6°. 
The properties described above identify the pentose as d-arabinose. 

Isolation of Galactose Benzylphenylhydrazone—The filtrate from 
the d-arabinose benzylphenylhydrazone was concentrated in 
vacuo until most of the aleohol was removed. The partly crystal- 
line precipitate which separated was filtered off and recrystallized 
twice from acetone. The colorless needle-shaped crystals weighed 
50 mg., corresponding to 1 per cent of galactose in the poly- 
saccharide, but naturally the amount of galactose isolated repre- 
sents only a minimal value. The crystals melted at 157-158° 
and there was no depression in a mixed melting point with authen- 
tic galactose benzylphenylhydrazone. 

In order to confirm the presence of galactose the mother liquors 
from which the galactose benzylphenylhydrazone had been crys- 
tallized were treated as follows: The acetone was evaporated under 
reduced pressure and the residue was dissolved in alcohol, an 
equal volume of water was added together with an excess of 
benzaldehyde, and the solution was refluxed for 2.5 hours. After 
the benzaldehyde hydrazone was filtered off, the filtrate was 
extracted repeatedly with chloroform, after which it was evapo- 
rated in vacuo to dryness. The residue was oxidized with nitric 
acid in the usual manner and the mucie acid thus formed, after 
being recrystallized, gave beautiful colorless prisms which melted 
at 213-215°. 

Examination of Filtrate from Galactose Benzylphenylhydrazone— 
The filtrate from the galactose benzylphenylhydrazone was 
treated with benzaldehyde in the usual manner and the resulting 
hydrazone was filtered off. The filtrate was extracted thoroughly 
with chloroform, decolorized with norit, and concentrated in vacuo 
to a thick syrup which weighed about 1.0 gm. 

The syrup reduced Fehling’s solution and gave pentose color 
reactions with orcinol and phloroglucinol but no coloration was 
obtained with naphthoresorcinol. An attempt was made to pre- 
pare an o-tolylhydrazone but no insoluble hydrazone separated. 
The o-tolylhydrazine was removed and the syrup was recovered. 
A portion of the syrup was tested for the presence of xylose by 
the Bertrand procedure with completely negative results. All 
attempts to obtain the substance in crystalline form failed. 
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Since it was impossible to isolate any crystalline material, the 
syrup was dried and converted into an acetyl derivative by means 
of pyridine and acetic anhydride. The reaction mixture was 
poured into dilute sulfuric acid and extracted with chloroform. 
The chloroform extract was washed with water, dried over 
sodium sulfate, and evaporated to dryness. The residue proved 
to be a non-crystallizable syrup, insoluble in water but extremely 
soluble in organic solvents. Since the acetyl derivative did not 
crystallize, it was saponified by refluxing with dilute alcohol and 
barium hydroxide. The barium was removed quantitatively with 
sulfuric acid, after which the solution was evaporated to dryness 
in vacuo. The residue was a non-crystallizable syrup which 
reduced Fehling’s solution and gave pentose color reactions. 


TaBLe | 
Cleavage Products of Polysaccharides Contained in Firmly Bound Lipids 
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Since all attempts to obtain some crystalline substance from 
the syrup were unsuccessful, a portion of the material was con- 
verted into an osazone. The reaction product was a dark colored 
tar from which it was possible to isolate a small amount of yellow 
needle-shaped crystals by repeated recrystallization from dilute 
alcohol. The osazone, when heated at the rate of 1° in 3 seconds, 
melted with decomposition at 195-196°. 

All the evidence obtained indicates that some pentose in addi- 
tion to d-arabinose is present among the cleavage products of the 
polysaccharide. As shown in Table I, the difference between total 
pentose and the d-arabinose which was isolated amounts to 7 per 
cent. The nature of the new pentose could not be determined but 
it was found that methylpentose and xylose were not present. 

The results of the present investigation show that the poly- 
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saccharide which is combined with the firmly bound lipids of the 
leprosy bacillus is essentially a pentosan containing a small 
amount of galactose, and d-arabinose is the chief constituent. 
The products obtained on hydrolysis are summarized in Table I 
and for comparison the cleavage products of the polysaccharide 
contained in the firmly bound lipids of the human tubercle bacillus 
(5) are included. 


SUMMARY 


The polysaccharide isolated from the firmly bound lipids of the 
leprosy bacillus consists principally of pentosans and d-arabinose 
is the chief constituent. 

About 7 per cent of pentose or pentoses other than d-arabinose 
is present but could not be identified. 

The polysaccharide contains a small amount of d-galactose. 

The sugars actually isolated account approximately for the total 
amount of reducing sugars liberated on complete hydrolysis but 
represent only about one-half of the polysaccharide. 

The nature of the other non-reducing cleavage products of the 
polysaccharide could not be determined. 


BIBLIOGRAPHY 


1. Anderson, R. J., and Uyei, N., J. Biol. Chem., 97, 617 (1932). 

2. Anderson, R. J., Reeves, R. E., and Crowder, J. A., J. Biol. Chem., 121, 
669 (1937). 

3. Anderson, R. J., Crowder, J. A., Newman, M. 8., and Stodola, F. H., 
J. Biol. Chem., 113, 637 (1936). 

4. Geiger, W. B., Jr., and Anderson, R. J., J. Biol. Chem , 131, 539 (1939). 

5. Anderson, R. J., Reeves, R. E., and Stodola, F. H., J. Biol. Chem., 121, 
649 (1937). 




















THE ESTIMATION AND DISTRIBUTION OF CYTOCHROME 
OXIDASE AND CYTOCHROME C IN RAT TISSUES 


By ELMER STOTZ 


(From the Biochemical Laboratory of the McLean Hospital, Waverley, 
Massachusetts, and the Department of Biological Chemistry, Harvard 
Medical School, Boston) 


(Received for publication, October 2, 1939) 


In view of the recent identification of several of the vitamins 
with tissue respiratory catalysts, it is of increasing importance 
to have micromethods available for the estimation of these sub- 
stances in tissue. Although in the case of the cytochrome system 
there has been as yet no correlation with vitamins, Cohen and 
Elvehjem (1) and particularly Schultze (2) have demonstrated a 
dependence of this system on the copper content of the diet, and 
Stiehler and Flexner (3) have shown interesting changes in this 
system with functional activity in embryonic tissue. 

Stotz et al. (4, 5) have recently demonstrated (a) that cyto- 
chrome oxidase activity as measured by the oxidation of secondary 
substances such as hydroquinone or p-phenylenediamine is valid 
only in the presence of an excess of cytochrome C; (6) that under 
these conditions the rate of oxidation of hydroquinone is propor- 
tional to the amount of oxidase, which permits estimation of the 
latter; and (c) that in the presence of a constant amount of oxidase 
the velocity of hydroquinone oxidation increases with the addition 
of cytochrome C in such a way as to suggest an “enzyme-substrate”’ 
complex between the oxidase and its true substrate, cytochrome C. 

With the exception of the recent measurements of Schultze 
(2) on rat heart and liver, previous estimations of “oxidase activ- 
ity’’ of tissues by the measurement of the velocity of p-phenylene- 
diamine oxidation have not been specific for the oxidase because 
of the presence of varying amounts of cytochromes C and B. In 
the case of cytochrome C, Junowicz-Kocholaty and Hogness (6) 
have adopted the Keilin and Hartree (7) method of isolation and 
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measured the cytochrome C present spectrophotometrically. 
The method involves the use of 100 gm. of tissue; with much 
smaller amounts of tissue, however, I have found that great losses 
occur in the yield of cytochrome when the Keilin and Hartree 
method is used. 

Most recently, Fujita et al. (8) have developed a method for the 
estimation of cytochrome C in tissues. In order to eliminate 
impurities which would interfere with the final spectroscopic 
analysis, extensive steps are involved in the isolation. Again, 
this method is not well adapted to the routine determination of 
cytochrome C in the tissues of small experimental animals. 

The methods finally adopted in this paper involve (a) for the 
oxidase, grinding and dialysis of the tissue and measuring mano- 
metrically the rate of hydroquinone oxidation in the presence of 
an excess of pure cytochrome C, and (b) for the cytochrome, its 
partial isolation by quantitative procedures, followed by mano- 
metric measurement of hydroquinone oxidation in the presence 
of a beef heart oxidase preparation. These measurements have 
been compared with those obtained when known amounts of pure 
cytochrome C are added. As little as 30 y of cytochrome or 
0.1 y of cytochrome-Fe gives sufficient velocities for estimation, 
and the reaction is uninfluenced by other colored substances, since 
a specific enzymatic reaction is employed. 

These methods were applied to several tissues of normal white 
rats raised on Purina Dog Chow, all at 4 to 5 months of age. 


Cytochrome Oxidase 


Grinding— 150 to 350 mg. of tissue are ground in a mortar with 
approximately 2 gm. of acid-washed sea sand and 15 ml. of m/15 
K:HPO,. The mixture is transferred to a 15 ml. conical centri- 
fuge tube and centrifuged for 2 to 3 minutes at low speed to elim- 
inate the sand and heavier tissue particles. The homogeneous 
supernatant liquid is transferred to cellophane tubing (approxi- 
mately 15 mm. in diameter) and dialyzed for 10 to 15 hours against 
12 to 15 volumes of ice-cold 0.1 mM phosphate buffer (pH 7.2). 
The material is then ready for testing manometrically. 

Since the amount of tissue represented in a test sample is es- 
timated from the nitrogen content, as will be described later, no 
special precautions were employed to prevent loss of tissue during 
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the grinding and dialysis. Since the oxidase appears to be inti- 
mately associated with the cellular material, it was necessary to 
study carefully whether the extent of grinding influenced the final 
evaluation of the activity. The use of various methods for the 
disintegration of the tissue without centrifugation led to variable 
results. By the method described above, however, a constant 
activity to nitrogen ratio was attained for any one tissue, irrespec- 
tive of the time of grinding. Dialysis of these suspensions against 
water tended to cause appreciable losses of activity, apparently 
through coagulation, but only a 5 to 10 per cent loss of activity 
occurred when they were dialyzed against phosphate buffer. 
Dialysis seemed desirable, however, to eliminate the otherwise 
high respiration of the preparation. 

Testing—The oxidase activity was tested manometrically in 
Warburg flasks, containing 1.0 ml. of 0.2 m phosphate buffer 
(pH 7.20), usually 1.0 ml. of the tissue suspension, and 1.0 ml. of 
pure cytochrome solution (1 X 10-* mm of cytochrome per ml.). 
The side arm of the vessel contained 0.3 ml. of hydroquinone solu- 
tion (110 mg. in 5 ml. of H,O). Another vessel containing identi- 
cal reagents, except that the tissue suspension had been heated to 
100° for 5 minutes, was used to determine the rate of autoxidation 
of the hydroquinone. After temperature equilibrium was es- 
tablished (37°), the hydroquinone was mixed with the vessel con- 
tents and readings were taken every 5 minutes for 30 minutes. 
The rate of oxygen consumption was determined from the slope 
of the straight line obtained by plotting the oxygen consumed, up 
to a total consumption of 100 c.mm. From this rate was sub- 
tracted the rate of autoxidation of the hydroquinone. 

It was previously shown (4) that this rate is proportional to the 
amount of oxidase if the velocity of O. consumption does not ex- 
ceed 600 c.mm. per hour. 1 unit of oxidase was defined as the 
amount which produced an increase in O, consumption of 10 
c.mm. per hour over the autoxidation rate of hydroquinone under 
these specified conditions. 

The suspensions of the various rat tissues were tested for the 
presence of substances which might inhibit the reaction. The 
proportionality between the amount of tissue suspension used and 
the rate of hydroquinone oxidation was studied with each tissue, 
and also whether suspensions from these tissues produced an exact 
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additive effect when mixed with a standard oxidase preparation 
from beef heart (9). Neither of these tests indicated that there 
were any interfering materials in the tissue preparations used. 

There is a marked pH effect on the autoxidation velocity of 
hydroquinone, resulting in a closely parallel pH effect when the 
enzyme system is also oxidizing the hydroquinone. Since, in 
practice, the amount of oxidase is measured by the difference in 
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Fig. 1. The variation in the velocity of hydroquinone oxidation with 
pH. Rat liver oxidase, 1 X 10~* mm; cytochrome C, total; heat-inac- 
tivated preparation for autoxidation experiments; phosphate buffer; tem- 
perature, 37°. 


these velocities, slight pH changes due to different concentrations 
of tissue or changes in buffer solutions produce no significant error. 
These relations are illustrated in Fig. 1. 

Since the tissue suspensions contained buffer salts as well as 
very finely suspended sand, estimates of the amount of tissue 
present were based on nitrogen determinations rather than on the 
solids present. Actually a figure based on N content probably 
represents more closely the amount of metabolizing tissue than 
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does dry weight, particularly with those tissues rich in glycogen 
or fat. The nitrogen determinations were made by a micro- 
Kjeldahl method with Folin’s copper-sulfuric-phosphoric acid 
digestion mixture. 

Distribution—In Table I are recorded the results obtained for 
the oxidase activity of ten different tissues of ten normal rats, as 
well as some results on rat embryo and tumor tissue. 

The results are given in detail to illustrate the degree of vari- 
ability of the oxidase content of the tissues from animal to animal. 


TaB.e I 
Distribution of Cytochrome Oxidase in Rat Tissues 
The figures are expressed | as units of oxidase per mg. of N. 
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Kidney cortex... 43.0.42.041. 5140. 0:39. 0/38.5 34.5 32.0/32.0:29.5)37.2 
Whole brain.......... .|48. 5 38. 0151. 0135. 5/32. 0:35. 0:35.5:29.5 29.5 30.5,36.0 
Skeletal muscle. ...../18.7/17.6/17.818.6)17.2)14.814.6)14.4 12.9)12.4 15.9 
Liver.................|14.8)14.6)15.1|14.8)13.7/14. 513. 6 12.2/11.3)12.4|13.7 
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ee Gi ee), ee, bono -cnds bavens’ eonitatcsssonden nail 8.4 
ee ND MS I oa he nas ns nee tena Aeae caghe baa ennt 23.3 
Spontaneous rat tumor, 1 specimen. .......................00..0055. 20.8 








In individual cases it appears that if the oxidase content of one 
tissue is higher than the average, then the other tissues also give 
high values, so that in most cases the order of activities of the 
tissues is the same. The results with tumor and embryo are not 
given in detail, the figures representing an average of the number 
of cases recorded. 

There exists a wide range of oxidase activities in the tissues 
studied, amounting to more than a 20-fold difference between 
large intestine and heart muscle. 
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Cytochrome C 


Extraction—Whole rat organs are weighed and ground with 
approximately. 4 gm. of acid-washed sea sand and 15 to 20 ml. of 
water. The mass is quantitatively transferred to a small beaker. 
While the reaction is observed by means of a glass electrode im- 
mersed in the mixture, 3 per cent trichloroacetic acid is added to 
pH 3.4 to 3.5 and the mixture is allowed to stand for 1 to 14 hours 
with occasional stirring. The mixture is centrifuged at high speed, 
and the supernatant fluid neutralized to pH 7.0 with 1 per cent 
NaOH. After standing for 5 to 10 minutes, the mixture is again 
centrifuged. To the supernatant fluid are added 4 ml. of 5 per 
cent phosphotungstic acid. The precipitate containing the cyto- 
chrome and other proteins is allowed to coagulate and is then 
centrifuged. The precipitate is dissolved in 2 ml. of 0.6 m NH,OH; 
2 ml. of 0.1 m phosphate buffer (pH 7.4) are added, followed by 
1 ml. of 3 per cent BaClh. This mixture is warmed in a water 
bath at 50° for 5 minutes, and then allowed to stand for 4 to 5 
hours (or longer if desired). The precipitate is centrifuged off, 
the brownish red filtrate being saved. The precipitate is treated 
with 2 ml. of 0.6 m NH,OH to elute small amounts of cytochrome 
adsorbed on the precipitate, and the filtrate combined with the 
original. The solution is placed in a vacuum desiccator over 
H,SQ, sufficiently long to remove the ammonia and to concentrate 
the solution to 2 to 4 ml. It is then centrifuged at high speed in 
15 ml. graduated conical centrifuge tubes, the volume recorded, 
and the clear solution tested for cytochrome C content. 

Testing—The manometric technique described for determining 
the oxidase content was likewise used in this test. With a beef 
heart oxidase preparation freed from most of its cytochrome C 
by an acetic acid precipitation, according to the method of Stotz 
et al. (4), a “standard” curve was constructed showing the relation 
between the velocity of hydroquinone oxidation and the amount 
of pure cytochrome C added. This curve is reliable for at least 
24 hours, after which a new curve must be determined, owing to a 
decrease in the oxidase concentration. Under conditions identical 
with those for the manometric experiments, the unknown cyto- 
chrome solutions may be tested, and their cytochrome content 
estimated from the standard curve. The amount of cytochrome 
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present in the tissue can then be calculated from the weight of 
tissue taken for analysis and the fraction of the final solution 
actually used in the test. 

Comments on Method—Before the results on the recovery of 
cytochrome C by the above method are discussed, several com- 
ments should be made: (1) The quantitative precipitation of small 
amounts of cytochrome in dilute solution by phosphotungstic 
acid requires the presence of salts. In the method itself sufficient 
amounts of salts are present, but when one tests for the recovery 
of pure cytochrome, salt must be added. (2) While the pH of the 
tissue suspension is initially lowered to 3.5 for extraction, it grad- 
ually rises during the extraction to approximately 4.0, owing to 
slow neutralization by the tissue. If the pH is maintained below 
3.4 during the whole period of extraction, lower yields of cyto- 
chrome are obtained. If the final pH is above 4.5, then large 
amounts of hemoglobin or myoglobin persist to the final solutions. 
These substances do not themselves interfere, but under such 
conditions the final solutions are invariably turbid, and usually 
produce some inhibition in the cytochrome system. When the 
final solution is clear, additive results were always obtained with 
pure cytochrome and the final tissue extracts. (3) Although the 
presence of small amounts of phosphotungstate did not apparently 
inhibit the cytochrome system, the solutions were often turbid at 
this point. Only after removal by the method described did clear 
solutions result. An attempt was first made to remove the phos- 
photungstate with Ba, and then to remove the excess Ba with 
phosphate. This resulted, however, in an adsorption of the cyto- 
chrome on the Ba phosphotungstate which was not readily eluted. 
If both an excess of phosphate and the phosphotungstate are 
present during the Ba precipitation, very little cytochrome is 
adsorbed, and this can be readily eluted with 0.6 m NH,OH. 

A given amount of cytochrome produces greater velocities if 
the concentration of the oxidase is high. If too high, however, the 
range of useful cytochrome concentrations is limited. A satis- 
factory oxidase concentration proved to be that which resulted in 
a velocity of 300 c.mm. per hour in the presence of 1 X 10° 
mM of cytochrome C. 

After the reproducibility of the method with beef heart and 
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TaBLe II 





Recovery of Added Cytochrome C 
1.5 gm. of beef heart were used as the tissue for grinding, etc. 








Cyto- Oute- Total 
F chrome | he cyto- . R 
Stage at which pure cytochrome C was added C pres- |© chrome Yield o ~ 
ent in Cc wry 
tissue added present 
kt | mg. | a” r= ; a arent 
Before treatment with NH,OH, Ba, PO,, 0.50 | 0.50 | 0.46 | 92 
phosphotungstate present 2.50 | 2.50 | 2.35 | 94 
Before phosphotungstate precipitation 0.50 | 0.50 0.47 4 
(pure cytochrome) 2.50 | 2.50 | 2.35 | 94 


After grinding stage, before extraction 0.46 0.50 | 0.96 | 0.85 | 88 
0.46 | 2.50 | 2.96 | 2.62 | 89 
Added to solid tissue itself 0.46 | 0.50 0.96 | 0.82 | 86 
0.46 | 2.50 2.96 | 2.52 | 85 











TaBLeE III 
Distribution of Cytochrome C in Rat Tissues 
The figures are expressed as micrograms of cytochrome C per gm. of 
wet tissues. 

= N Oo) 7 Pe) co itf 2 o — 5 

Tissue oy ~ pe m) ~~ ~ = — — = o 

[elie li/e@ielelelieleliei2)\¢< 
See 550, 530 510 480, 500, 590, 470, 520, 590, 560) 530 
Kidney cortex*........| 360) 330 320) 290 380 360) 320 280) 300 360) 330 
Skeletal muscle. 155, 200 170' 175) 130) 165) 185 140 155) 125, 160 
Whole brain*..........| 95} 72) 63) 68) 83) 68) 70| 82) 57| 92| 75 
ML HELE Jen's Kenley tee | 80; 82) 51) 53) 68) 76) 74; 57) 62; 77| 68 
0 SS eee 44) 38) 59 58) 49 27) 47 46 52, 60 48 
Peek Sar ea sain 37; 23, 29) 30; 32; 34) 24 18 28 35 29 
Embryo (2-4 wks.) (4 specimens) ...................... 02s ceeeeeees | § 
= (56 “)(2 a SatiE ile dell, « arebls Ciel duinebve shadedile | 3l 
i it ad we as APA see re bee = 
“  R-39 (3 CR a ee | § 
Spontaneous tumor (1 specimen)... ............ 2.0. . cece eee eveeeess | 2 








* These tissues are from two animals pooled for analysis. 


samples of the same organ in rats was demonstrated, the recovery 
of pure cytochrome C added at different stages in the method was 
studied. These results are recorded in Table II. 
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This method of analysis was then applied to a series of ten 
normal rats, in which the cytochrome C content of seven different 
organs was studied, as well as to a series of embryos and rat tumors 
(Table III). 

Here again are found wide differences in the cytochrome con- 
tents of the different organs. The variation for a given organ in 
the series of rats is somewhat less in the case of cytochrome C 
than in the case of the oxidase. It is interesting to note that in 
the rat tumors studied there were present only small amounts 
of eytochrome C. Likewise in the early embryo the content of 
cytochrome C seems to be very slight, whereas just before birth, 
considerable amounts are present. 


DISCUSSION 


The distribution of cytochrome oxidase has been expressed as 
units per mg. of N and the cytochrome C as mg. per gm. of wet 
tissue. For better comparison of these activities, the different 
organs were studied briefly to correlate their wet and dry weights, 
and N content. In the conversion of N content to dry weight, 
all of the tissues studied fell within the limits of 12 to 14 mg. of N 
per 100 mg. of dry tissue except brain (9.7 mg. of N per 100 mg. 
of dry tissue). When the oxidase activity is expressed as units 
per mg. of dry weight, therefore, the activity of brain appears to 
be lower. Of the tissues studied for cytochrome C content, the 
percentage solids of these tissues were sufficiently alike so that 
the order of cytochrome activities of the tissues studied was not 
changed. Table IV records the average activities taken from the 
more detailed data and put on a comparable basis (dry weight). 

There is obviously a striking parallelism in the activity of these 
two substances in the different organs. Since an increase in either 
constituent could increase the efficiency of the cytochrome system 
kinetically, this may indicate a common pathway for the synthesis 
of these two substances, or perhaps a basically similar chemical 
structure. 

It is generally agreed that the cytochrome oxidase is the chief 
respiratory factor affected by the addition of small amounts of 
cyanide to tissue, and that the respiration of animal tissues is 
extremely sensitive to this poison (10). This may be considered 
sufficient evidence to demonstrate the importance of the cyto- 
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chrome system to respiration. The data in this paper, however, 
present further evidence to substantiate such a view. Although 
the figures found in the literature for the oxygen consumption of 
various rat tissues are highly variable, owing to the different 
methods of preparation of the tissue, composition of the medium, 
etc., certain of these have been studied by so many workers as to 
yield a fairly definite value. Thus we find in the order of decreas- 
ing Oz, consumption kidney, brain, liver, lung, and large intestine. 
This is the same order as is found for the cytochrome oxidase or 





TaBLe IV 
Comparison of Cytochrome Oxidase and Cytochrome C Activities of Rat 
Tissues 
Oxidase Cytochrome C 
units per | mg. per 
mg. dry | gm. dry 
tissue tissue 
SES Soot oy hs 6 + ah ite on tae I oss vate sae 2.34 
Kidney | 4.7 Se hu. 96 sags. | 1.36 
EE Pe ee ee | 3.5 Skeletal muscle......... 0.68 
Skeletal muscle. .......... 2.3 NN at Ths ths anvrnene’ 0.35 
ta cbs Ciné Nass ches’ 1.7 rere Pree 0.24 
a aR ee 1.6 CE Tnincidanccens¥s 0.21 
Piet etea $< costs aes ncte 1.3 Cals se dyacces se 0.14 
ESS OS oe Pee 1.1 
Diaphragm muscle........ 0.72 | Embryo (2-4 wks.).......| 0.03 
Large intestine........... 0.36 ~ OO ate ee or 
Tumor R-256........... 0.02 
Embryo (3-5 wks.)........ 1.1 - RE 0.03 
Tumor R-256............. 2.9 - spontaneous... . 0.01 
‘* spontaneous....... 2.4 














cytochrome C activities of these tissues, showing their importance 
to respiration. 

Of further interest is the fact that several specimens of two rat 
tumors as well as early embryo, although containing cytochrome 
oxidase, were practically devoid of cytochrome C. These tissues 
are unable to oxidize aerobically the lactic acid produced by them; 
i.e., they possess an aerobic glycolysis. This “chronic lack of 
oxygen,” as Warburg, Posener, and Negelein have expressed it 
(11), may be partially due to lack of cytochrome C. Although 
there have been other reports of the lack of cytochrome C in tu- 
mors (12, 13, 6), certain tumors apparently contain abundant 
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amounts of cytochrome C.' A study of the relation between 
aerobic glycolysis and cytochrome C content of various tissues 
should prove interesting. 


SUMMARY 


1. Manometric methods have been developed for the estimation 
of cytochrome oxidase and cytochrome C in rat tissues. 

2. These methods have been applied to the distribution of these 
substances in normal rat tissues. The amounts of these sub- 
stances in the various tissues run remarkably parallel. In early 
embryo and two types of rat tumors studied there is practically 
no cytochrome C present. 

3. The significance of the cytochrome system to cellular respi- 
ration is briefly discussed. 


The author wishes to express his thanks to Professor A. Baird 
Hastings of the Harvard Medical School, and Dr. K. J. Tillotson 
and Dr. W. Franklin Wood of the McLean Hospital for their 
cooperation. 


BIBLIOGRAPHY 


1. Cohen, E., and Elvehjem, C. A., J. Biol. Chem., 107, 97 (1934). 

2. Schultze, M. O., J. Biol. Chem., 129, 729 (1939). 

3. Stiehler, R. D., and Flexner, L. B., J. Biol. Chem., 126, 603 (1938). 

4. Stotz, E., Sidwell, A. E., Jr., and Hogness, T. R., J. Biol. Chem., 124, 
733 (1938). 

5. Stotz, E., Altschul, A. M., and Hogness, T. R., J. Biol. Chem., 124, 
745 (1938). 

6. Junowicz-Kocholaty, R., and Hogness, T. R., J. Biol. Chem., 128, 
569 (1939). 

7. Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 122, 
298 (1937). 


8. Fujita, A., Hata, T., Numata, I., and Ajisaka, M., Biochem. Z., 301, 
376 (1939). 

9. Stotz, E., and Hastings, A. B., J. Biol. Chem., 118, 479 (1937). 

10. Alt, H. L., Biochem. Z., 221, 498 (1930). 

11. Warburg, O., Posener, K., and Negelein, E., Biochem. Z., 162, 309 
(1924). 

12. Holmes, B. E., Biochem. J., 20, 812 (1926). 

13. von Euler, H., Deutsch. med. Woch., 64, 1712 (1938). 





1 Personal communication. Dr. Kurt G. Stern informs me that cyto- 
chrome C can be readily observed spectroscopically in Yale mouse tumor 
No. 1. 





























CHOLINE METABOLISM 


I. THE OCCURRENCE AND PREVENTION OF HEMORRHAGIC 
DEGENERATION IN YOUNG RATS ON A LOW CHOLINE DIET* 
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The lipotropic action of choline and of related compounds has 
been extensively investigated since this effect was demonstrated 
in rats (2,3). These studies on the relation of choline to the pro- 
tein, fat, carbohydrate, and cholesterol metabolism of the rat have 
recently been reviewed by Best and Ridout (4). 

In this series of papers, evidence is presented for a hitherto 
unrecognized effect of choline deficiency in young rats. The 
deficiency was produced within 10 days on a low choline diet and 
was characterized by an extremely toxic state during which there 
occurred a marked hemorrhagic degeneration of the kidneys. The 
renal lesions could be prevented by amounts of choline which were 
insufficient for the prevention of fatty livers. Furthermore, the 
choline requirement for the prevention of the renal lesions was 
definitely related to the cystine and methionine content of the 
dietary protein (1, 5). Paper I of this series deals with the pro- 
duction of fatty livers in young rats and with the newly described 
effect of choline deficiency. Certain aspects of the relation of 
this deficiency to dietary protein, fat, and cholesterol and the 
interrelationship of choline, cystine, and methionine have been 
investigated and will be discussed in subsequent papers. 


EXPERIMENTAL 
Male rats, 38 to 42 gm. in weight and averaging 24 days of age, 
were placed in raised cages and fed the experimental diets ad 


* Presented before the meeting of the Society for Experimental Biology 
and Medicine at St. Louis, April 12, 1939 (1). 
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libitum. The food intake was determined although none of these 
data are included in this paper. At the end of the experimental 
period the rats were killed by decapitation. The liver and in 
later experiments the thymus, spleen, and kidneys (without the 
capsule) were removed at once and weighed. The latter three 
organs were then dried to constant weight in an oven at 105°. 
Total chloroform-soluble substances in the liver were determined 
by the method described by Channon, Platt, and Smith (6). 
The term “liver fat” in Tables I to V refers in every case to this 
fraction. 

The composition of the various diets is indicated in Tables I to 
V. Commercial preparations of fibrin, egg albumin (dried egg 
white), agar, sucrose, and lard were used. Casein was purified 
by extraction with water which was changed twice daily for 10 
days. The washed casein was allowed to stand in alcohol for sev- 
eral days and was then filtered and dried by exposure to air. The 
salt mixture of Hawk and Oser (7) was used but was modified by 
the addition of 0.016 per cent of copper sulfate. This mix- 
ture was further supplemented by the addition of 1 per cent of 
calcium carbonate to the diet. Vitamins A and D were supplied 
by cod liver oil or by the fortified fish liver oil, Natola.' Pow- 
dered brewers’ yeast was used as a source of the water-soluble 
vitamins. In certain experiments the yeast was replaced by sup- 
plements of thiamine chloride, riboflavin, nicotinic acid, and con- 
centrated extracts of rice polish and hog liver. The rice polish 
extract was a commercial product of known vitamin Bs potency. 
The liver extract was prepared according to the directions of Lep- 
kovsky, Jukes, and Krause (8). 

Liver fat is expressed in Tables II to V as the actual weight of 
chloroform-soluble substances, as its per cent in liver tissue, and 
as the ratio obtained by dividing the actual weight by the ex- 
pected weight of the chloroform-soluble fraction of the livers of 
normal control rats. The weight of the liver is expressed as the 
actual weight and as its “per cent of normal.” The latter value 


! We wish to thank Parke, Davis and Company for the generous supply 


of Natola used in these experiments. 
? We wish to thank Merck and Company, Inc., for the generous supplies 
of thiamine chloride and riboflavin used in these experiments. 
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indicates the comparison between the weights of the livers of 
experimental and normal rats. Values for the liver fat and for the 
liver weight of the young normal male rats of this colony are shown 
in Table I. The data in Table I were used to calculate the ex- 
pected liver weight (4.31 per cent of the body weight) and the ex- 
pected liver fat (1.73 mg. X body weight in gm.) of normal rats 
having the same body weight as the experimental rats. 


Taste | 
Relation of Body Weight, Liver Weight, and Liver Fat in Young 
Normal Male Rats on Stock Diet 














| Body weight Liver weight | Liver fat 
No. os — ae See sn . 
dea | | Per cent | | Per cont | Per m 
Range Average | Average | of body | Average | of liver 
weight | weight weight 
gm. | gm, gm. mg. mg. 
24 34 48 | 39.2 | 1.51 | 3.88 60 3.98 | 1.53 
24 | 54- 84 66.7 | 2.86 4.28 123 4.30 1.84 
20 80- 91 | 85.4 3.81 4.46 152 3.99 1.78 
21 96-113 103.8 | 4.58 4.42 181 3.95 1.75 
25 | ‘113-137 | 125.8 | 5.72 | 4.55 | 211 | 3.69 | 1.68 
21 =| 156-196 | 172.0 | 7.31 | 4.25 | 305 4.17 | 1.77 
Average... .| | | 4.31 | | 4.01 | 1.73 





Results 


Production of Fatty Livers in Young Male Rats—At the start of 
this investigation it was assumed that a low protein diet was essen- 
tial for the production of fatty livers in young rats. A source of 
protein which was low in choline and high in biological value 
appeared necessary if young rats were to grow normally on a diet 
of low protein content. A survey of the amino acid composition 
of fibrin, casein, and ovalbumin indicated that these were excellent 
supplementing proteins. Sixteen high fat diets were prepared 
containing these proteins, alone and in various combinations, in 
order to determine the minimum level of dietary protein which 
would permit a fair rate of growth. Both liver and yeast were 
added to the basal ration to be certain that the water-soluble vita- 
mins were supplied in adequate amounts although it was recog- 
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nized that these supplements contained choline (9). Table II 
shows the rate of growth and the weights of liver tissue and of 
liver fat of groups of rats after a 30 day experimental period on 
nine of these sixteen diets. In spite of the fact that the diets were 


TaB_e Il 
Relation of Dietary Protein and of Choline to Deposition of Liver Fat and 
to Rate of Growth of 40 Gm. Male Rats during 30 Day Experimental 
Period (Average Values per Group of Ten Rats) 
The composition of the basal diet was, except as noted, protein as indi- 
cated, lard 35, salt mixture 4, calcium carbonate 1, agar 2, cod liver oil 5, 
dried hog liver 2, powdered yeast 5, sucrose to 100. 















































Dietary protein : 3 Liver | Liver fat 
23 4 | Ratio 
eS |e |ain| Abe | 28 | BRING) Sh Meh) Bes | xr 
rin min | = o li mental 
38 EE age ‘normal’; “8° | nee 
S) = | malt 

Si | S| Se fae fem fom | time || 
1-HI8 | 6 | 6 3 0 | 107 | 7.58 | 164 | 2321 | 30.6 | 12.5 
2-H4 | 6/6 | 3 | & | 111| 4.75) 99 | 283!) 6.0) 1.5 
aca | 4] 4 | 2 | 0 | 99 5.50 | 129 1501 | 27.3) 8.8 
4C2 | 4/4 | 2 | 5 | 105/ 4.50] 99 | 213] 4.7] 1.2 
5-K31 | 0 | 0 |10 | 0 | 87/|5.15| 137 | 1584 | 30.8 | 10.5 
6-N3t | 2) 5 | 3 | 0 | 87|7.00| 186 | 2364 | 33.8 | 15.7 
7-M33 | 0 | 7.5| 2.5/ 0 | 85 | 5.60 | 153 | 1675 | 29.9 | 11.4 
8-G12 | 0 |10 | 0 | O | 72) 4.00) 129 | 1076 | 26.9} 8.6 
9-Gi4 | 0|}10 | 0 | 5 | 68/285) 97 | 174] 6.1) 1.5 
10-TH | 5 | 0 | O | O | 65 | 4.55 | 162 | 1689 | 37.1 | 15.0 
11-B6 | 2 | 2 | 1 | O | 61} 3.70 140 | 1019 | 27.5} 9.7 
i2Bi1 | 2/2 /1 | 5 78 | 3.35| 100 | 182) 5.4) 1.3 
Fu |o}]s |o | o| 4 2.40 | 124 | 431 | 18.0 | 5.5 
4-FI38 | 0) 5 | 0 | 5 49 | 2.33 | 110 | 192| 8.2) 2.3 


| 
} 





* Weight of liver X 100 + 0.0431 X body weight (Table I). 
t Weight of liver fat + 1.73 X body weight (Table 1). 


by no means devoid of choline, fatty livers were produced in every 
case unless extra choline was supplied. The experiments demon- 
strated that young rats very readily developed a fatty liver on 
high fat diets only moderately low in choline. Contrary to the 
original assumption, a low protein diet was not found to be a pre- 
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requisite for the production of the fatty liver in young rats. This 
was illustrated by the results of feeding diets containing 15, 10, 
and 5 per cent of the same protein mixture (Groups 1, 3, and 11). 
The average increases in body weight for these three groups during 
the experimental period were 67, 59, and 21 gm. and the average 
weights of liver fat were 2321, 1501, and 1019 mg. respectively. 
Prevention of the fatty liver did not significantly improve the rate 
of growth (Groups 2, 4, 9, 12, and 14). 

It was generally true in these experiments that the deposition 
of liver fat was intensified on those diets permitting the better 
rates of growth. The liver fat in rats fed a ration containing 10 
per cent of casein (Group 8) was much greater than that found if 
the ration contained only 5 per cent of casein (Group 13). This 
effect in young rats was the opposite of that reported for older 
rats in which casein has been observed to exhibit a lipotropic ac- 
tivity (10). Fibrin was more effective in producing fatty livers 
than either casein or albumin. This was illustrated by a com- 
parison of the results of Group 6 with those of Groups 5, 7, and 8 
and of the results of Group 10 with those of Groups 11 and 13. 
Channon et al. (11) reported that fibrin was less lipotropic than 
casein. 

Table III shows the results of feeding three of these diets 
(basal Diets B, F, and X) to 124 gm. rats for 17 days (Groups 6, 
10, and 12). The liver fat was increased only 2.1, 2.3, and 2.3 
times, respectively, in these larger and older animals. Diets B 
and F, fed to 40 gm. rats for 30 days, resulted in increases of liver 
fat of 9.7 and 5.5 times respectively (Table II, Groups 11 and 13), 
and Diet B, fed to 40 gm. rats for 10 days, increased the liver fat 
5.5 times (Table III, Group 1). It was evident from these results 
that the choline requirement of the 40 gm. rats was definitely 
greater than that of the 124 gm. rats. These older rats de- 
veloped markedly fatty livers if the 2 per cent hog liver supple- 
ment was omitted from the basal ration. Table III shows the 
results with and without the liver supplement (Groups 1 and 2, 
6 and 7, 10 and 11, 12 and 13) and also the effect of choline in 
replacing the liver supplement (Groups 1 to 5 and 6 to 9). 

The observation that 124 gm. rats developed only slightly fatty 
livers on diets which produced markedly fatty livers in 40 gm. rats 
was confirmed by the experiments recorded in Table IV. Groups 











572 Choline Metabolism. I 


of rats ranging in age from 24 to 63 days were fed a ration in which 
the liver supplement was reduced from 2 to 1 per cent in order to 
increase the fatty liver effect. The results indicated that the dep- 
osition of liver fat in rats between 35 and 56 days of age was only 


TaB_e III 


Effect of Choline and of Whole Dried Hog Liver on Deposition of Liver Fat 
in 40 Gm. and in 124 Gm. Male Rats (Average Values per Group of 
Ten Rats) 


The composition of the basal diet was, except as noted, protein as indi- 
cated, lard 35, salt mixture 4, calcium carbonate 1, agar 2, cod liver oil 5, 
dried hog liver 2, powdered yeast 5, sucrose to 100. 


















































L.A 3 Liver | Liver fat 
* : aS : 

: a 5 

4 3 q £ 
Jaltlplii bial pletay ooo 
S$) 815/813) sis] 5) 3 158 

& ei2iesetiie¢ € |So 
es) Eel alai as bi a] Flas 
S6jalelelélessle| & |e 

days | gm. | gm. | mg. | gm. | mg. 
1; 10 | 40} 49/0 2.42 114 465 ge 5.5) Diet B* 
2/ 10 | 40 | 46 | 0 | 3.26164 1124 /34.5 |14.1) “ “ without liver 
3 10 | 40 | 50 | 0.2) 2.78129 | 702 |25.3/;8.1) “ “ < “ 
4/ 10 | 40 | 44 0.4) 2.25)119 | 305 113.6 | 4.0; “ ‘* - - 
5| 10 | 40 | 45 | 0.6) 2.17/112 | 156 |7.2/}2.0|) “* “ ” ae 
6| 17 |124 130 | 0 | 5.98107 | 472/7.9;2.1) “ “ 
7 | 17 (124 |125 0 | 6.78126 |1956 (28.8 9.0, “ “ without liver 
8 | 17 |124 |131 | 0.2) 6.32)112 |1246 19.7 | Pe ” “ 
9 | 17 |124 |124 | 0.4) 5.72)107 | 757 ri aa - - 
10 | 17 (124 (123 | 0 | 5.61106 | 489 | 8.7/2.3) “ Ft 
11 | 17 (124 |112 | O | 5.77/120 |1322 |22.9| 6.8 ‘ ‘* without liver 
12 | 17 (124 |182 | 0 | 7.44) 95 | 735} 9.9/2.3) “ Xf 
13 | 17 (124 165 | 0 9.19129 (2918 31.7 10.2) ‘** = without liver 





* Basal Diet B, fibrin 2, casein 2, albumin 1. 
+t Basal Diet F, casein 5. 
t Basal Diet X, fibrin 2, casein 10, albumin 3. 


one-half that occurring in rats between 24 and 29 days of age. 

This effect of age or weight is being investigated more fully. 
Hemorrhagic Degeneration of Kidneys and Other Effects of Choline 

Deficiency—After the demonstration that fatty livers occurred 
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in rapidly growing young rats even though some choline was pres- 
ent in the yeast and liver supplements, a similar diet was pre- 
pared in which these supplements were replaced by a mixture of 
pure vitamins and vitamin concentrates. The composition of 
this diet which was fed to forty 40 gm. male rats was as follows: , 
fibrin 2, casein 10, albumin 3, lard 30, corn oil 5, sucrose 38, salt | 
mixture 4, calcium carbonate 1, agar 2, cod liver oil 5, and a daily — 
supplement of 0.02 mg. of thiamine chloride, 0.02 mg. of ribo- 
flavin, 0.04 mg. of nicotinic acid, and 0.1 ec. each of concentrated 


TaBie IV 
Relation of Age of Young Male Rats to Deposition of Liver Fat during 10 
Day Experimental Period (Average Values per Group of Ten Rats) 
The diet consisted of fibrin 4, casein 8, albumin 3, lard 35, sucrose 31, 
salt mixture 4, calcium carbonate 1, cod liver oil 5, agar 2, powdered yeast 
6, dried hog liver 1. 


























Body weight Liver Liver fat 
Grou | : 
No. | Age At start, | Final, | Weight, |Pe cent) weight, | Per cent 9 
average | average | average | i ormaj | #verage of liver | mental to 
days gm. gm. gm, mg. 
1 24 40 66 4.12 145 1100 26.7 9.6 
2 27 53 82 5.15 145 1444 28.1 10.2 
3 29 64 95 5.57 136 1344 24.1 8.2 
4 32 78 112 6.00 124 927 15.4 4.8 
5 35 91 111 5.38 112 731 13.6 3.8 
6 42 112 141 6.74 111 828 12.3 3.4 
7 49 124 160 7.77 112 1097 14.1 4.0 
8 56 153 189 7.97 98 1046 13.1 3.2 
9 63 | 170 209 8.63 96 684 7.9 1.9 














extracts of rice polish and hog liver. Autopsy of these rats after 
a 10 day experimental period brought to light an unexpected 
hemorrhagic degeneration of the kidneys in thirty-nine of the 
forty animals. This pathological condition was prevented in a 
group of ten rats by the addition of 0.4 mg. of choline chloride per 
gm. of food. The livers of these protected rats contained 8.8 
times the normal liver fat, which demonstrated that the ad- 
ministered choline was inadequate as far as its lipotropic action 
was concerned. The fatty liver was prevented on this diet by the 
addition of 2.0 mg. of choline chloride per gm. of food. 
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The kidneys of the rats on the low choline diet were greatly 
enlarged and purplish red in color. The capsule and the kidney 
were both grossly hemorrhagic. The histological examination 
showed massive tubular degeneration with hemorrhagic areas 
particularly in the cortex of the kidney. A decrease in the weight 
of the thymus and an increase in the weight of the spleen were 


TABLE V 


Relation of Choline to Deposition of Liver Fat and to Appearance of Renal 
Lesions in 40 Gm. Male Rats during 10 Day Experimental Period on 
Low Choline Diet 


The basal diet consisted of fibrin 5, casein 10, lard 8.9, sucrose 68, salt 
mixture 4, calcium carbonate 1, Natola 0.1, agar 2, corn oil fatty acids 1; 
daily supplement of 0.02 mg. of thiamine chloride, 0.02 mg. of riboflavin, 
0.04 mg. of nicotinic acid, and 0.1 cc. each of concentrated extracts of rice 


polish and hog liver. 


Liver Liver fat 




















Choline | No. of | Final. |—— | —_—__— ee 
chloride rats body | } Ratio 
Group No.* | added with | weight, : Pp a Pe | of 
pergm. | renal aver- | Weight, er cent Weight, | Per cent experi- 
food lesions age | average | normal | *Verage | of liver | ——e 
| | | normal 
wee ° BE : 

mg. | gm. gm. mg. | | 
1-FC 2.00' 0 | 53 | 2.39 | 105 9 | 4.1 | 1.1 
2-FC 1.00; o | 58 [242 | 97 | 130 | 54 | 1.3 
3-FC 0.50! 0 | 59 |3.20 | 126 | 568 | 17.8 | 5.6 
4-FC 0.25; 4 52 | 3.15 | 140 | 799 | 25.3 | 8.9 
5-FC 0.13) 10 56 | 3.67 | 152 | 1005 | 27.4 | 10.4 
6-FC 0.07| 8 52 | 3.50 | 160 | 861 (24.0 | 9.6 
7-FC | 0.00! 10 | 46 |3.05 | 154 | 609 | 20.0 | 7.7 
s-Fct | 0.0! 9 | 54 | 3.58 | 153 | 964 | 26.9 | 10.3 








* Ten rats per group. All survived the experimental period. 
+t Lard omitted. 


associated with the renal degeneration. In some of the more 
severely affected rats the thymus decreased to 10 per cent of its 
expected weight. The relation of this rapid regression of the thy- 
mus to its normal involution and to the “alarm reaction’”’ of Selye 
(12) is being investigated. Hemorrhage into the eyeball occurred 
in the more severely affected animals. The detailed results of the 
examination of the tissues of these rats will be presented in later 


papers. 
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These effects of a low choline intake were observed on a high fat 
ration. The inclusion of 5 per cent of corn oil indicated that a 
lack of unsaturated fatty acid was probably not involved in the 
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Growl 3 5 7 es ee ee a ae ae 
Choline chloride - mg. per gn. of food 
2 0.50.13 0 2 0.50.13 0 2 0.50.13 O 


Fic. 1. The changes in the fresh and dry weights of the thymus, spleen, 
and kidneys (per pair) of 40 gm. male rats during a 10 day experimental 
period on diets with and without added choline. These are the average 
organ weights of the rats in Groups 1, 3, 5, and 7 of Table V. The composi- 
tion of the diet and other data are given in Table V. Dry weights are 
indicated on the chart by the cross-lined area. 


production of the deficiency. The fact that a high fat diet was not 
necessary for the appearance of the pathological changes was 
demonstrated by the results shown in Table V. The diet used in 
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this experiment contained only 9 per cent of fat and in Group 8 
the lard was omitted entirely. In this series of experiments 0.13 
mg. of choline chloride per gm. of food was wholly ineffective 
(Group 5), 0.25 to 0.50 mg. was required for the prevention of the 
new deficiency (Groups 3 and 4), and 1.0 to 2.0 mg. were required 
to prevent the fatty liver (Groups 1 and 2). 

The changes in the fresh and dry weight of the thymus, spleen, 
and kidneys of the rats in Groups 1, 3, 5, and 7 of Table V are 
shown in Fig. 1. In general the changes in the dry weight of these 
tissues paralleled the changes in fresh weight. 


DISCUSSION 


Previous studies by other investigators of the réle of choline 
in metabolism have centered about its function in the regulation 
of the fat and cholesterol content of tissues, particularly of the 
liver. The present report has demonstrated that choline has a 
more fundamental réle as a dietary essential, without which young 
rats develop a severely toxic deficiency. In unpublished ex- 
periments, rats which have survived the acute stage of the defi- 
ciency are being continued on various diets. The subsequent 
history of these rats will be reported later. Whether survival is 
dependent upon the use of stored choline which was not im- 
mediately available, whether the synthesis of choline becomes 
possible, or whether compensatory mechanisms come into play 
can only be conjectures at present. 

Choline was not found to improve the rate of growth of young 
rats if the deficiency was limited to the fatty liver effect. Growth 
ceased or was subnormal if renal lesions were present. In such 
cases, a choline supplement permitted normal growth. Inasmuch 
as 40 gm. rats developed fatty livers on diets only moderately 
low in choline and 124 gm. rats failed to develop fatty livers on 
these same diets, it was concluded that the younger rats required 
larger amounts of choline for complete protection against the ef- 
fects of choline deficiency. 

The demonstration that dietary choline is needed for the 
maintenance of such tissues as the thymus and kidneys as well as 
the liver has opened a new field of investigation with wide-spread 
implications. These studies on the rdle of choline in metabolism 
are being continued. 














W. H. Griffith and N. J. Wade 577 


SUMMARY 


1. A new effect of a deficiency of choline in young rats is de- 
scribed. 

2. The deficiency is characterized by an extreme toxic state in 
which there is a marked hemorrhagic enlargement and degenera- 
tion of the kidneys, a regression of the thymus, and an enlarge- 
ment of the spleen. 

3. The deficiency is prevented by amounts of choline too small 
to influence the deposition of liver fat. 

4. The requirement for choline is greater in young than in older 


rats. 
5. It is suggested that choline is essential for the maintenance 
of the normal structure of tissues as well as for its lipotropic action. 
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The purpose of this article is to describe a manometer which 
we have developed during the past year for studies in metabolism 
and which appears to include a number of features of wide-spread 
use and interest. It is a combination manometer, offering in a 
single apparatus the possibilities of either direct or differential 
manometric measurements. For direct measurements it is the 
equivalent of two single manometers of the conventional Bar- 
croft-Warburg type in which one limb of the manometer is open 
to atmospheric pressure. As a differential manometer it operates 
at constant volume, with the attendant simplification of differ- 
ential measurement made possible by the use of constant volume 
vessel constants. The differential readings are equally significant 
at high or low vessel pressures, and a sensitive manometer fluid 
may be used, since only pressure differences are allowed to in- 
fluence the manometer. It is adaptable for use with a variety of 
vessel types, and has proved equally suitable for the study of 
metabolism in Ringer-phosphate solution or in those solutions 
which must be maintained under physiological conditions of gas 
tension, such as Ringer-bicarbonate solution, blood serum, and 
other physiological fluids. 

Construction—The chief characteristics of the manometer are 
shown in Fig. 1, which is a drawing of the front and side views of 
the apparatus.' It can be seen that the manometer is essentially 


1 This apparatus was made for us by E. Machlett and Son, 220 East 
Twenty-third Street, New York, to whom we wish to express our apprecia- 
tion for valuable cooperation in its design and construction. 
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a combination of two mirror image Barcroft-Warburg manometers, 
with the two open limbs placed side by side, extended somewhat 
above the level of the rest of the apparatus, and joined together 
by a 3-way stop-cock. The entire assembly is firmly mounted on 
a suitably designed board, which carries on its face the manom- 
eter scale in the form of a sheet of mm. cross-section paper, to- 























Fic. 1. Drawing of front and side views of manometer mounted on board, 
showing manometer T-cock at top of apparatus and position of two screw 
devices for adjustment of manometer fluid level in each pair of limbs. 


gether with the two screw devices for independent adjustment of 
the manometer fluid levels in each pair of limbs. 

The manometer is fitted to carry two vessels, one for each pair 
of limbs. The vessel readings are made along the two inner limbs, 
the manometer fluid levels (and therefore the vessel volumes) 
being maintained constant at the calibration marks on the outer 
limbs by the usual method of adjusting the pressure devices on 
the manometer fluid reservoirs. As will be shown shortly, by the 
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proper manipulation of the 3-way stop-cock at the top of the ma- 
nometer, hereafter called the manometer T-cock, it is possible to 
read the two vessel pressures either independently against at- 
mospheric pressure or in such a way as to obtain only the differ- 
ence in pressure between them. 

The design of the manometer T-cock is evident from the dia- 
grams of Fig. 2,A, which illustrate various positions the manom- 
eter T-cock may assume during the use of the apparatus. Posi- 
tion 1 opens both inner limbs of the manometer to the outside air, 


&6¢4 


POSITION | POSITION 2 POSITION 3 POSITION 4 


oy 


TO MANOMETER 
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Fic. 2. Certain details of manometer and vessels. A, sectional view of 
manometer T-cock from the front, showing the various positions during the 
use of the manometer, as described in the text; B, sectional view through 
a vessel, showing the method of obtaining maximum clearance between 
the filling orifice (F. O.), alkali cup (ALK.), and vessel proper (V.); C, top 
view of vessels attached to the manometer, showing the relative position 
of the side bulb (S. B.) on each vessel (V.). 


thereby producing a pair of simple manometers of the conventional 
type. Position 2 (or its reverse) allows one manometer and asso- 
ciated vessel to be completely closed off while permitting the other 
manometer and vessel to function against atmospheric pressure 
in the usual way. Position 3 connects both inner limbs of the 
manometer together, so that the pressure in one vessel opposes 
that in the other vessel through the intermediate fluid-gas phases 
of the manometer limbs, and a constant volume differential ma- 
nometer of improved design is thereby obtained. This charac- 
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teristic of the manometer will be discussed more fully below. 
Position 4 or equivalent positions are used when it is necessary 
to immobilize the manometer fluid against pressure changes in 
either or both vessels. 

The over-all dimensions of the manometer are largely a matter 
of individual preference. Perhaps the chief permissible variation 
is in the length of the inner limbs. These may be as long as is 
consistent with satisfactory manipulation and performance on 
the shaking device of the thermostat. The manometers we are 
now using have a readable distance along the inner limbs of about 
450 mm. Since our vessel constants are about 1.5, this scale 
length makes possible the measurement of a change in gas con- 
tent of between 600 and 700 c.mm. without resetting. This range 
may naturally be modified by varying the length of the inner 
limbs, the nature of the manometer fluid, or the dimensions of the 
vessels, 

The width of the manometer, and of the mounting board, is 
determined largely by the type of vessels employed, since the 
two vessels are attached to the manometer side by side, and suffi- 
cient room for individual manipulation must be available. The 
vessels that we use require a clearance between the two vessel 
arms of the manometer of about 2} inches, permitting the use of a 
mounting board about 3 inches wide. Each manometer there- 
fore occupies the space on the thermostat that would be required 
by two of the individual Barcroft-Warburg manometers, but there 
is no loss of space in the arrangement, since as pointed out above 
the manometer described here may be used in place of two manom- 
eters of the ordinary type under all conditions except possibly 
where it might be more convenient to have the two manometers 
mounted separately rather than on the same board. 

An additional point calls for some comment. Somewhat more 
so than in the case of the simple manometer, it is desirable that 
the four manometer limbs be parallel to one another and well 
aligned on the mounting board; otherwise, when one is carrying 
out differential measurements, there may be a difference in reading 
between the two vessels even when the same pressure is present 
in both. This is more an inconvenience than a source of error, 
since if such a difference is present it may be noted in an initial 
or blank reading and subtracted from subsequent experimental 
readings. 
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It will be noted that it is not possible to prevent the gas pressure 
in a vessel from acting upon the manometer fluid, in particular, 
from dissolving in it during the course of an experiment. If 
it should be necessary to prevent this for any reason, a 3-way 
stop-cock may be placed at the junction of the vessel arm and 
manometer limb in place of the open junction and stop-cock ar- 
rangement shown in Fig. 1. Our first manometer was fitted in 
this manner, but the arrangement was discontinued in favor of 
the present assembly after it had been found that there was no 
reason under ordinary circumstances for closing off the surface of 
the manometer fluid from the vessel pressure during an experi- 
ment. The open junction arrangement is more convenient for 
general purposes, the stop-cocks are easier to manipulate, and 
there is less likelihood of breakage. 

Manipulation—For direct measurements the manometer T- 
cock is placed in Position 1, and the manipulation of the manom- 
eter conforms to common usage. Each pair of limbs under these 
conditions is entirely independent of the other, and readings are 
made by adjustment of the manometer fluid level in each ~ of 
limbs in the usual way. 

For differential measurements at constant volume the manom- 
eter T-cock is placed in Position 3, and the fluid in the two outer 
limbs is maintained at a constant level by adjustment of both 
screw devices at the bottom of the manometer. The differential 
reading is obtained as the difference between the fluid levels in 
the two inner limbs. This difference may be noted directly, or 
the reading for each inner limb may be made and one reading sub- 
tracted from the other. It should be made clear that the fluid 
levels in the two inner limbs are no longer independent of each 
other, since altering the fluid levels in one pair of limbs will in- 
fluence the fluid levels in the other pair. Care should be taken 
therefore that the fluid in both outer limbs is at the proper point 
before the readings are made. 

Vessels—Any of a great variety of vessels may naturally be used 
with the manometer, depending upon the purposes for which the 
apparatus is employed. For differential measurements in media 
containing bicarbonate, we have been using vessels of the type 
described by Dixon and Keilin (1), with certain minor modifica- 
tions. The vessel volume is approximately 18 ec., so that the 
vessel constants (when Brodie solution is used in the manometer) 
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are of the same order of magnitude as those of the ordinary War- 
burg vessels. The bottom stop-cock, which carries the alkali 
cup, is constructed as shown in Fig. 2,B, to provide for maximum 
clearance between the alkali cup and the various orifices of the 
stop-cock and thus minimize the possibility of leakage of alkali 
from the cup due to improper manipulation of the cock during an 
experiment. 

The side bulbs carry the usual tapped outlet plug to facilitate 
the passage of gas through the vessels while they are in the ther- 
mostat, but are fused onto the vessels instead of being attached by 
movable ground glass joints. To provide for the proper trans- 
ference of fluid from side bulb to vessel in each vessel separately 
and independently, the side bulbs are positioned on the vessels 
so that when the two vessels are attached to the manometer the 
side bulbs are at right angles to each other, as shown in Fig. 2,C. 
In this way the vessels and manometer may be removed from the 
thermostat and the contents of one side bulb run into its corre- 
sponding vessel (and rinsed back and forth if need be) without 
disturbing the arrangement in the otaer vessel. 

We use the glass rod and filter paper roll arrangement as de- 
scribed by Dixon and Keilin for displacing the alkali from the cup 
and facilitating the absorption of carbon dioxide in the vessels. 
The glass rod also serves another purpose in that it has been found 
a convenient means for exactly equalizing the two vessel volumes, 
a condition which is essential in differential measurements. It is 
considerably more difficult to obtain vessels that are exactly equal 
in volume than it is to obtain vessels whose volumes differ by only 
a small amount. After the vessel volumes are ascertained in the 
usual way by calibration with mercury, it is a simple matter to 
adjust the size of the glass rod in each vessel until the net vessel 
volumes are exactly the same. 

Theory—The theory of the differential manometer only will be 
considered here, since the theory for direct measurements, with 
the two inner limbs open to the atmosphere, conforms to well 
known principles (2, 3) and requires no further discussion. The 
theoretical treatment may be visualized with the aid of Fig. 3, 
which shows the essential pressure relationships between the vari- 
ous parts of the manometer and associated vessels when differ- 
ential measurements are being carried out. 
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Let P, and P be the initial gas pressures in the left-hand and 
right-hand vessels respectively, and P y the pressure in the enclosed 
gas space above the manometer fluid in the two inner limbs. From 
the design of the manometer it is clear that the two vessel pres- 
sures may be considered as exerting themselves against the inter- 
mediate pressure P, through the manometer fluid columns. Let 
the initial manometer readings for the two vessels be h, and he 
respectively, where the reading for each vessel is the difference 
between the level of fluid in the manometer limb to which the 
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Fic. 3. Diagrammatic illustration of action of constant volume differen- 
tial manometer. On the left is shown the condition in which the vessel 
pressures P; and Pz are initially equal, and there is no differential reading. 
On the right is shown the effect of increases of pressure in each vessel, with 
AP, > APr. The differential reading Ah is equal to the difference between 
AP, and APp (see text). 


vessel is attached and the corresponding inner limb. Readings 
are regarded as positive when the inner level of fluid is above 
the outer (constantly maintained) level, and negative when below 
this point. 

In accordance with manometer theory, the relation between the 
pressure in each vessel and the corresponding manometer reading 
is given as follows: 


Py = hy + Po (1) 
Pa = he + Pu (2) 
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Now let pressure changes AP, and AP, not necessarily equal to 
each other, occur in each vessel respectively. With the gas phase 
in each vessel maintained at constant volume, the new manometer 
readings will be (h, + Ah,) and (he + Aha), and the pressure P, 
will be changed by an amount APy. Then, 


"1, + AP, = (hy + Ahy) + (Pu + APy) (3) 
Pe + APR = (he + Ahg) + (Pu + APv) (4) 


Subtracting Equation 4 from Equation 3, and rearranging terms, 
we obtain 


Py — Pe t+ AP, — APe = hy — he + Ah, — Ahpz (5) 


This is the fundamental equation relating the changes of pressure 
in the two vessels to the changes in the respective readings. It 
will be noted that the intermediate pressure Py does not enter 
into the equation. 

Equation 5 becomes considerably simplified if (as is usually 
the case in an actual experiment) the initial pressures in the two 
vessels are the same, so that P, = P» and h, = hg, and all four of 
these terms cancel out of the equation, leaving nothing but A 
terms, 


AP, — AP = Ah, — Ahpy (6) 


The left-hand part of this equation now represents the net differ- 
ence in pressure between the two vessels and may be called AP, 
and similarly the right-hand part of the equation is the difference 
between the readings for the two vessels (7.e., the differential 
reading) and may be called Ah, so that we may write 


AP = Ah ; (7) 


This equation states that a differential change in pressure between 
the two vessels is equal to the differential reading. It should be 
noted that the equation is quite general, and is valid whether the 
initial pressures in the two vessels are equal or not, since from 
Equations 1 and 2, P; — Pe = hi — he, and when this is applied 
to Equation 5, Equations 6 and 7 are obtained. 

To convert Equation 7 into terms suitable for the determination 
of a quantity of gas, AX, corresponding to a change in pressure 
AP, it is merely necessary to recall that AP is measured at constant 











re wvS NS 














W. H. Summerson 587 


volume, so that AX is proportional to AP, and thus by Equation 
7 to Ahalso. Therefore, for a single gas concerned, 


AX = kAP = kh (8) 


where k is the customary constant volume vessel constant and has 
its usual significance (2, 3). For more than one gas 


AX, + AX, + AX3 + ... = kiAhi + kedh, + bsAhy + . (9) 


Equation 8 is readily employed in practice. Equation 9 may be 
employed only under conditions which make it possible to differ- 





500} 


400; 






300; SLOPE = 147 


4X (C.MM) 


100+ 








P 
Fic. 4. Proof of the validity of the equation AX = kAh, where AX 
represents a known difference in gas content between the two vessels of the 


differential manometer, established as described in the text; k is the con- 
stant volume vessel constant, with a value ky, = 1.47 as determined by 


calibration with mercury; and Ah is the differential reading as obtained on 
the manometer. 


entiate experimentally between the various members of the right- 
hand side of the equation, as is illustrated in the next section of 
this paper. 

Experimental verification of Equation 8 is afforded by the data 
of Fig. 4, which shows the relationship between known values for 
AX and the corresponding differential readings as obtained with 
the manometer. The values for AX were established by liberating 
various known amounts of nitrogen gas in either or both vessels 
attached to the manometer, the nitrogen being produced by the 
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action of an excess of alkaline hydrazine solution on a standard 
solution of potassium biiodate. Except for the use of biiodate 
instead of iodate, the reagents employed were those described by 
Van Slyke, Hiller, and Berthelsen (4), who show the quantitative 
nature of the reaction when measured gasometrically. The bi- 
iodate solution was standardized iodometrically against thiosul- 
fate, and also gasometrically in the manometric apparatus of 
Van Slyke and Neill (5). Incidentally, this reaction is an excellent 
basis for calibration of the manometer vessels by chemical means. 
While admittedly not as accurate as the mercury method, it is an 
improvement over earlier chemical methods in that the few reag- 
ents necessary are readily prepared and stable indefinitely, and 
the iodate solution may be standardized by a number of inde- 
pendent procedures. 

If Equation 8 is true, the differential readings should bear a 
linear relationship to the differences in gas content between the 
two vessels, and furthermore the slope of the curve should be 
identical with the value of the vessel constant under the particular 
experimental conditions. The vessel constant ky, in these ex- 
periments as obtained by calibration with mercury and calculation 
from the formula (3) was 1.47, so that the data of Fig. 4 offer 
conclusive evidence for the complete validity of Equation 8. 

It is clear from the derivation of Equation 8 that the significance 
of the differential reading as a measure of pressure difference is 
unaffected by the magnitude of the total pressure within the ves- 
sels. The sole effect on the manometer of equal changes of pres- 
sure in both vessels at constant volume is to alter the volume 
of the intermediate air space by variation in the height of the 
manometer fluid level in the two inner limbs. Thus if the pressure 
in each vessel is doubled at constant volume, the manometer 
fluid will rise in each inner limb to a point about half-way toward 
the top of the scale from its original level, decreasing the volume 
of the intermediate air space by about one-half. It has been 
shown, however, in Equation 5 that the intermediate pressure 
Py has no influence on the significance of the differential reading, 
and it follows therefore that the differential reading is equally 
valid at any vessel pressure. This means that almost any desired 
volume of medium may be used in the vessels without regard to 
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the total pressure which may develop on the addition of acid or 
other reagents, the sole limiting factor being the ability of the 
vessel systems to withstand high or low pressures without leakage. 

It may also be noted that for differential measurements the 
actual numerical value of the readings of the two vessels is rela- 
tively unimportant, since it is only their difference (7.e., the differ- 
ential reading) which is significant. This may readily be shown 
experimentally by establishing a given pressure difference, say 
100 mm. of Brodie fluid, between the two vessels. By forcing air 
in or out of the intermediate air space in the manometer through 
the manometer T-cock and then readjusting the vessels to constant 
volume, the two vessels may be read anywhere along the inner 
limbs from the bottom to the top of the seale. It will be found 
that the differential reading remains constant regardless of the 
portion of scale over which the readings are made. 

This has practical value in that occasionally it may be found 
that the vessel volumes cannot be adjusted to the calibration 
mark on the outer limbs without forcing the manometer fluid in 
either or both inner limbs up into the manometer T-cock region 
or down below the bottom of the scale, thus making readings im- 
possible under these conditions. If this should happen, air may 
be forced into the intermediate air space (or expelled from it, as 
the case may be) through the manometer T-cock, until the differ- 
ence of pressure between the vessels is readable on the scale when 
the vessels are at constant volume. This may always be done if 
the pressure difference between the vesseis is not greater in mm. of 
manometer fluid than the length of the scale, and the adjustment 
has no influence on the validity of the measurements. 

In connection with the numerical value of Ah; and Ah », an 
interesting situation arises when the value of their ratio rather 
than of their difference is considered. While the difference be- 
tween Ah, and Ah, is independent of the intermediate pressure 
Py, it can be shown from Equations 3 and 4 that the ratio Ah,/ 
Ah» is defined by an expression which includes the term AP yp, 
and cannot therefore be equal to unity at any finite value of 
AP y. This means that one should not expect a unilateral increase 
in pressure of say 300 mm. to give readings of +150 and —150 
for Ah; and Ahg, since the actual readings will more nearly ap- 
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proximate +155 and —145 in this case. The difference between 
Ah, and Ah, will be equal to the pressure difference, but their 
ratio will not be unity. 

Operation of Differential Manometer—The operation of the ma- 
nometer for differential measurements will be illustrated by a 
description of the procedure we have been using for the measure- 
ment of the oxygen consumption, respiratory carbon dioxide 
output, and aerobic glycolysis of tissues in Ringer-bicarbonate- 
glucose medium. The procedure is similar in many respects to 
that of Dixon and Keilin (1), and reference is made to these authors 
for the general experimental details. Only such aspects of the 
procedure as have particular application to the manometer de- 
scribed here will be considered closely. 

The two vessels, which are of equal volume and contain the 
same amounts of tissue and medium, are filled with the oxygen- 
carbon dioxide gas mixture by passing a rapid stream of the gas 
through the vessels while they are being shaken in the thermostat. 
This process also equilibrates the tissue and medium with the 
gas phase in the vessels. During this preliminary period the 
manometer T-cock should be in Position 3 of Fig. 2,A, to mini- 
mize displacement of the manometer fluid by the pressure of the 
gas stream. 

After complete equilibration, the flow of gas is stopped at the 
tank without disconnecting the gas supply tube, and the vessel 
side bulb taps are closed and firmly fastened. The gas supply 
tube is now opened to atmospheric pressure at the tank end but 
left attached to the manometer, the manometer T-cock is turned 
to Position 1, and the level of manometer fluid adjusted approxi- 
mately to the calibration marks on the outer manometer limbs. 
The vessels are equilibrated against atmospheric pressure by a 
further short period of shaking. The manometer fluid levels are 
now brought exactly to the calibration marks, the vessels closed 
off from the air by turning the left-hand and right-hand stop- 
cocks at the top of the manometer, the manometer T-cock is turned 
to Position 3, and the gas supply tube disconnected. 

At this point the liquid level in all four limbs of the manometer 
should be exactly the same, and the differential reading is of course 
zero. The subsequent procedure is based upon the principle of 
killing the tissue in one vessel, the control vessel, and allowing 
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the tissue in the second or experimental vessel to metabolize for 
a suitable length of time, after which the tissue in this vessel is 
also killed. The difference in gas content between the two vessels, 
which must have been due to the metabolism of the tissue, is then 
determined. 

The first reading which is ordinarily obtained is the measure- 
ment of the total pressure change in the experimental vessel during 
the experimental period. This is called the A reading after Dixon 
and Keilin, and is necessary only if the glycolysis is to be measured 
along with the respiration; otherwise it may be omitted. The 
h reading is the net result of three processes taking place in the 
experimental vessel: the uptake of oxygen, the production of 
carbon dioxide of respiration, and the production of carbon dioxide 
by the decomposition of bicarbonate. If this last process is as- 
sumed to be due to the formation of lactic acid by glycolysis, the 
significance of the h reading may be visualized as follows: 


h = —ho, + hoor + ha 


where ho,, hco,, and hg are the components of the A reading due to 
oxygen, carbon dioxide of respiration, and carbon dioxide of 
glycolysis respectively. 

The h reading is ordinarily obtained as follows: Immediately 
after it is ascertained that the two vessels are in equilibrium as 
described above, the manometer T-cock is turned to Position 2, 
which closes off the left-hand vessel and manometer and permits 
the right-hand vessel and manometer to function against atmos- 
pheric pressure as a simple respirometer. The reading of the right- 
hand vessel is noted against a separate thermobarometer, and then 
the vessels are removed from the bath and the acid in the side 
bulb is run into the tissue-medium mixture in the left-hand vessel. 
After replacement in the bath the shaking is started and the tissue 
in the right-hand vessel is allowed to metabolize for a suitable 
length of time. At the end of this period the reading of the right- 
hand vessel is again made, and the change in reading during the 
experimental period, corrected by the thermobarometer, gives 
the value of the h reading directly. 

This procedure for the determination of the h reading is pat- 
terned after that devised by Dickens and Greville (6) for their 
differential manometer. It permits the use of a sensitive manom- 
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eter fluid with any volume of medium, since the pressure developed 
in the control vessel on the addition of acid has no influence on the 
readings. The only disadvantage of the procedure is the necessity 
for a separate thermobarometer. 

Under certain conditions the h reading may be determined by 
the method of Dixon and Keilin (1), in which the pressure change 
in the experimental vessel is measured against the pressure in the 
control vessel and a separate thermobarometer is not necessary. 
If not more than 1 cc. of Ringer-bicarbonate solution is present 
in each vessel, the manometer with Brodie fluid will ordinarily 
carry the total pressure changes in the system without the neces- 
sity for closing off the control vessel pressure from the experimental 
vessel during the experimental period. The manometer T-cock 
may therefore be left in Position 3 after the preliminary equilibra- 
tion is completed as described above, and after the acid has been 
run into the contents of the control vessel and the experimental 
period has begun, differential readings instead of direct readings 
are made. The h reading is the difference between the differential 
reading at the beginning and at the end of the experimental period. 
The differential readings are made at constant vessel volume, and 
the reading at the close of the period is subtracted from the initial 
reading in order to obtain the value of h with the proper sign. 
Since the gas in the control vessel is not evolved instantaneously, 
it is necessary to make several readings during the first part of 
the experimental period in order to obtain by extrapolation the 
true value of the differential reading at the start of the experiment, 
as described by Dixon and Keilin. 

When the tissue in the experimental vessel has metabolized for a 
suitable length of time, the necessary readings for the determina- 
tion of the h reading are taken, and the manometer T-cock is 
turned to Position 4. The experimental period is then closed by 
running the acid into the tissue and medium in the experimental 
vessel. After a further short period of shaking, which insures 
approximate equilibrium between the two vessel pressures, the 
manometer T-cock is turned to Position 3 in preparation for mak- 
ing the second reading of the experiment, which is called the hy 
reading. This reading is the differential reading at constant vol- 
ume after the contents of both vessels have been acidified and 
all the bicarbonate decomposed. It is clearly referable solely 
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to the oxygen uptake and respiratory carbon dioxide output of the 
tissue during the experimental period, since any decomposition of 
bicarbonate by glycolysis is no longer a factor in the difference of 
pressure between the vessels. 


h; = —ho, + hoo 


The h; reading is usually negative in sign, but under certain 
conditions it may be positive. To adhere to established practice 
regarding the significance of the algebraic sign of the reading, and 
to avoid confusion in the subsequent calculations, the h, reading 
must be obtained by subtracting the reading of the control vessel 
from that of the experimental vessel. 

The h, reading must be constant before one proceeds with the 
experiment. The time required for a constant reading to be ob- 
tained after the vessel contents have been acidified depends largely 
upon the physical characteristics of the acidified medium, and for 
Ringer-bicarbonate solution from 15 to 45 minutes should be 
sufficient. Readings are therefore made at suitable intervals 
until a constant value is obtained, and again it may be emphasized 
that the numerical value of the readings for the two vessels is 
unimportant, since it is only the difference between them which 
must be constant. 

When the h; reading has been obtained, the alkali in the bottom 
stop-cock cups is admitted into each vessel in the usual way, and 
the vessels are then shaken until all the carbon dioxide has been 
absorbed. This ordinarily requires from an hour to an hour and 
a half, and during the early part of this period the manometer T- 
cock should be in Position 4 to immobilize the manometer fluid, 
since differences between the two vessels in the rate of absorption 
of carbon dioxide may produce pressure differences which will 
not be present later on. 

Toward the end of the absorption period the manometer T- 
cock is turned back to Position 3, the vessels are brought to con- 
stant volume, and the differential reading is made at suitable in- 
tervals until it reaches a constant value. The reading at this 
time is called the he reading, and it is always negative in sign. 
It represents solely the oxygen uptake by the tissue during the 
experimental period, 


ha = —ho, 
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From the h, h;, and h, readings the desired information regard- 
ing the metabolism of the tissue may be obtained. To convert 
the readings into volumes of gas, the following equations are used, 
where Xq represents the carbon dioxide of aerobic glycolysis, Xo, 
and Xco, represent respectively the oxygen and carbon dioxide 
of respiration, and ko, and kceo, are the corresponding constant 
volume vessel constants. 


XG = (h—hi)koo, 
Xo, = heko, 
Xco, = (hi — h2)kco, 


These three equations are derived in an obvious manner from 
Equations 8 and 9 and the equations describing the significance of 
the experimental readings. They are identical in form with those 
used by Dixon and Keilin (1, 3), differing only in the use of con- 
stant volume vessel constants. The value for Xco, (and hence 
for the R.Q. as well) is unaffected by either glycolysis or retention 
of carbon dioxide by the medium if such occurs, but the value for 
Xgq is valid only for non-retentive media such as Ringer-bicarbon- 
ate solution. The determination of aerobic glycolysis in a re- 
tentive medium, such as serum or phosphate, calls for a more com- 
plicated procedure (7-9). 

To illustrate the calculations, the data from an experiment on 
rat testis tissue in Ringer-bicarbonate-glucose medium may be 
cited. Brodie fluid was used in the manometer. The h 
reading as obtained by the Dickens-Greville procedure was 
+57. For the A; reading, the control vessel read 304 and the 
experimental vessel read 285. The h; reading was therefore 
285 — 304, or —19. Similarly for the he reading, the control and 
experimental vessels read 348 and 202 respectively, the he reading 
therefore being 202 — 348, or —146. The values of ko, and 
keo, were 1.47 and 1.53 respectively, so that from the equations 
given above 


Xq@ = [+57 — (—19)] X 1.53 = 76 X 1.53 = 116 c.mm. CO, 
Xo, = —146 X 1.47 = —215 c.mm. O, 

Xco, = [—19 — (—146)] x 1.53 = 127 X 1.53 = 194 c.mm. CO, 
R.Q. = 194/215 = 0.90 
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SUMMARY 


A combination simple and differential manometer has been 
designed which is suitable for studies in metabolism by a variety 
of methods, both direct and differential. As a simple manometer 
the apparatus is the equivalent of two Barcroft-Warburg manom- 
eters of the ordinary type, with the added advantage of ready 
convertibility into a differential manometer. As a differential 
manometer it operates at constant vessel volume, with the simpli- 
fication in the theory and practice of differential measurements 
which is associated with the use of constant volume vessel con- 
stants. 

The differential readings are equally precise at any vessel pres- 
sure, high or low, making possible the use of the manometer under 
a variety of experimental conditions. Since only pressure differ- 
ences are ordinarily allowed to influence the apparatus, a sensitive 
manometer fluid may be used for the precise determination of 
small differences in pressure in the presence of relatively large 
total pressures. With the proper choice of vessels and manom- 
eter fluid, the manometer is adaptable to a number of different 
manometric procedures, each of which has heretofore required 
a separate type of apparatus. 

The theory of the constant volume differential manometer is 
presented, together with its experimental verification. The 
application of the apparatus to the differential measurement of 
the oxygen consumption, respiratory carbon dioxide output, and 
aerobic glycolysis of tissues is illustrated. 
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When Lohmann and Schuster (1) identified cocarboxylase as 
thiamine pyrophosphate, two explanations of the mechanism by 
which the coenzyme exerts its catalytic activity suggested them- 
selves: (1) a “‘Langenbeck cycle” involving the amino group in 
the pyrimidine ring or (2) a reversible reduction and oxidation of 
the double bond adjoining the quaternary nitrogen in the thiazole 
nucleus. In this work both possibilities have been investigated. 


EXPERIMENTAL 


Materials and Methods—Cocarboxylase was first synthesized 
from thiamine by treatment with phosphorus oxychloride (2); 
however, the yield was small. The cocarboxylase employed in 
these experiments was obtained from thiamine' by Tauber’s 
method (3). Although higher yields were obtained by the use of 
pyrophosphoryl chloride (prepared after the method of Huntly 
(4)), Na,sP2,O,; in the presence of HsPO, was used because of the 
availability of the latter reagents. 

Free thiamine was determined by the Melnick-Field (5) method. 
The biological activity test for thiamine was performed on pigeons 
which developed the typical polyneuritic syndrome after they had 
been placed on the thiamine-deficient diet recommended by Block, 
Cowgill, and Klotz (6). Cocarboxylase activity was followed by 


*The data for this paper form part of a dissertation presented by 
Joseph L. Melnick in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy, Yale University, 1939. 

This work was aided by a grant from the Jane Coffin Childs Memorial 
Fund for Medical Research. 

' We wish to acknowledge the generous gifts of thiamine from Winthrop 
Chemical Company, Inc., and Merck and Company, Inc. 
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the manometric method outlined by Lohmann and Schuster (1). 
Washed, dried bottom yeast (Frohberg strains of Saccharomyces 
cerevisiz)*? was employed in the cocarboxylase test system. The 
reduction of thiamine and of cocarboxylase was carried out in 
Warburg-Barcroft manometers. The hydrogen was freed from 
traces of oxygen by passage over heated copper. In the acetyla- 
tion experiments the ketene was generated by the thermal decom- 
position of acetone in the apparatus described by Herriott (7). 


The Langenbeck Cycle 


Primary amines are capable of decarboxylating a-ketocarboxylic 
acids (8). The first step consists in the condensation of the amine 
and the keto acid to form a substituted imino acid, which may be 
considered as the actual catalyst. The imino acid splits off CO, 
to yield a substituted aldehyde-imine which reacts with another 
molecule of the keto acid to form the corresponding aldehyde and 
to regenerate the imino acid. 








X—NH,; + R—CO—COOH | 
COx——1 - a -9-C0om 
N—X 
i —__— —R—CHO 





All primary amines investigated by Langenbeck were found to 
be active, but the degree of activity depends upon the structure 
of the radical to which the amino group is bound. The most 
active model compound described is 6,7-benzo-3-amino-a-naph- 
thoxindole (9). Langenbeck predicted that should the structure 
of carboxylase finally be elucidated, a primary amino group would 
be found at the active center of the molecule. The identification 
of cocarboxylase as the pyrophosphate ester of thiamine ap- 
parently confirmed this hypothesis, for there is an amino group 
in the 6 position of the pyrimidine ring. Furthermore, the ob- 
servations of Bergel and Todd (10) and of Cline (11) that hydroxy- 
thiamine, the compound which results from replacing the amino 
group in thiamine by hydroxyl, is inactive as thiamine, and the 


? Kindly supplied by the Hull Brewing Company, New Haven, through 
the courtesy of Mr. Thomas F. Healey. 
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finding of Cline (12) that replacement of one or both hydrogen 
atoms of the amino group by alkyl groups results in a hundredfold 
reduction in vitamin potency, as assayed by the curative pigeon 
test, seem to support Langenbeck’s hypothesis. In order to test 
this hypothesis further and more directly, it appeared desirable 
to remove or to block the amino group of cocarboxylase by a mild 
procedure and to test the effect of this operation on the activity 
of the coenzyme. It should be mentioned that Schlenk, Hell- 
strém, and von Euler (13) were able to deaminate cozymase by 
means of nitrous acid with the result that the hydroxy derivative 
still retained 33 per cent of the activity of the original cozymase. 
This procedure was not used because of the possibility of replace- 
ment of the hydroxy group by an amino group during the assay 
and the ease with which cocarboxylase would be hydrolyzed to 
the inactive thiamine monophosphate under the drastic conditions 
necessary to remove the amino group® (10, 11). 

Acetylation with ketene has proved to be useful in determining 
the importance of amino groups for biological activity (14). As 
ketene reacts much faster with amino than with hydroxyl groups, 
it is possible to acetylate the amino groups of amino acids in 
aqueous solutions (15). Before the acetylation of cocarboxylase 
was attempted, it was desired to ascertain the rate of the reaction 
with thiamine with the aid of the Melnick-Field (5) method for 
the determination of free thiamine. 

It is not possible to acetylate more than about 50 per cent of 
the vitamin by ketene when the treatment is continued for 4 to 
6 hours in water, in 1 M acetate buffer at pH 7.6, in 3.4 m phosphate 


* The lability of one of the phosphate linkages was emphasized in the 
following experiment. By the reaction of pyrophosphory! chloride with 
thiamine, a very active crude cocarboxylase preparation was obtained. 
During the purification procedures the material was subjected to 0.1 
Nn HCl at room temperature. A phosphate radical was split off, and the 
rod-shaped crystals obtained were inactive as cocarboxylase in the yeast 
test system. They were, however, active as thiamine in pigeons, con- 
tained 7.55 per cent organically bound P, melted at 197-199° (with de- 
composition), all of which agrees with the properties of thiamine mono- 
phosphate described by Lohmann and Schuster (1). The preparation of 
these investigators was obtained by the hydrolysis of naturally occurring 
cocarboxylase. The suitability of pyrophosphory! chloride for the phos- 
phorylation of thiamine was found by Lohmann (personal commun’‘ca- 
tion). 
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buffer at pH 7.5, or in aqueous solution kept alkaline to phenol red 
by the addition of increments of N NaOH to the reaction mixture. 
However, after ketene is passed through a solution of the vitamin 
in glacial acetic acid for 6 hours, the test for free thiamine becomes 
negative; instead a yellow color develops when diazotized p-amino- 
acetophenone is added to the acetylated thiamine. Since hy- 
droxythiamine does not couple with the diazotized reagent (5), 
the color reaction depends upon an intact amino group. When the 
latter is present, and the alcoholic side chain of thiamine is esteri- 
fied, as in the mono- and pyrophosphate esters, then the pigment 
produced by the reagent is no longer red, but is now orange. As 
a yellow color is produced with the acetylated vitamin, the in- 
ference is that the hydroxy group of the alcohol side chain and not 
the amino group has been acetylated. The pigment formed with 
the phosphorylated vitamin, in contrast to the free vitamin, is 
no longer soluble in xylene; on the other hand the product of the 
coupling of O-acetylthiamine and diazotized p-aminoacetophenone 
is soluble in xylene. The long time necessary for the acetylation 
also favors the view that an O-acetyl rather than an N-acetyl 
derivative is formed, for amino groups react rapidly with ketene, 
whereas hydroxy groups are only slowly acetylated. 

Further evidence in this direction is provided by the thiochrome 
reaction. When thiamine is oxidized with alkaline ferricyanide, 
a tricyclic compound is formed which contains the nitrogen of the 
former amino group as a member of the newly formed ring (16); 
this compound is easily recognized by its characteristic blue flu- 
orescence in ultraviolet light. From the structure of thiochrome 
it is obvious that a free amino group in thiamine is necessary for 
the cyclization process to occur. When the hydroxy group in the 
alcoholic side chain of the vitamin is esterified, thiochrome forma- 
tion still takes place with the added group remaining attached 
to the ethoxy group; and the blue fluorescence of thiochrome in 
ultraviolet light is not affected. The mono- and pyrophosphate 
derivatives of thiochrome are insoluble in butyl alcohols, while 
thiochrome itself is readily soluble in such solvents. The thiamine 
derivative formed with ketene, upon treatment with alkaline ferri- 
cyanide, produces an acetylated thiochrome which has a blue 
fluorescence in ultraviolet light and is soluble in butyl alcohol. 
The oxidation of the acetylated thiamine to acetylated thiochrome 
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is possible only if the hydroxy group, and not the amino group, is 
acetylated. All the evidence obtained indicates that the following 
reaction takes place between thiamine and ketene. 


‘a 
N=C—NH, Prope? CH.—CH,OH 
},-if | 
CH,—C C—CH,—N + CH,=C=0 > 

i | IN | 
N—CH Cl CH—S 

N==C—NH, C—=C—CH,—CH,0--CO—CH, 
CH,—C C—CH,—N 

ll |i IX 

N—CH cl CH—S 


Thiamine then does not behave like a typical amine; its amino 
group is much less reactive than those found in ordinary primary 
amines. The manometric determination of amino nitrogen ac- 
cording to Van Slyke (17) failed to indicate the presence of such 
groups in thiamine,‘ although the calculated value for NH, nitro- 
gen is 4.17 per cent. This confirms an early observation of Peters 
(18) that treatment of yeast concentrates with sodium nitrite did 
not reduce their vitamin B, activity. Later Peters and his co- 
workers (19), after treating thiamine with nitrous acid, actually 
recovered 75 per cent of the vitamin in crystalline form. It 
should be remembered that the amino group in thiamine is fixed 
to a double bonded carbon atom, and it is possible that the fol- 
lowing molecular rearrangement takes place.* 

N=C—NH; _, HN—C=NH 


fatell. 7 og alice 


Langenbeck found that all the primary amines which he ex- 
amined are active as carboxylase models, but he did not test com- 


* We wish to thank Dr. Alfred E. Wilhelmi for making this determination. 
’ Tipson and Levene (20) state that it is necessary to treat guanosine, 
in which a similar structure (NH,—C==N—) is present, for 30 minutes with 


nitrous acid before all of its amino N reacts in the Van Slyke apparatus. 
In the above experiments the reaction vessel was shaken for only 3 minutes, 
the standard period for amino N analyses of amino acids (at 25°). 
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pounds like thiamine in which the amino group is joined to a 
double bonded carbon atom. This made it desirable to test the 
carboxylase activity of thiamine as a model under the conditions 
employed by Langenbeck. 

Such a system was set up and studied in Warburg-Barcroft 
manometers. The reaction medium was a 1:1 phenol-cresol 
mixture saturated with sodium pyruvate, in which the catalyst 
and the pyruvic acid were dissolved. The sodium pyruvate was 
prepared by treatment of a cold ethanol solution of freshly 
vacuum-distilled pyruvic acid with a cold alcoholic solution of 
NaOH. The cresol was distilled in vacuo before use. In the main 
chamber of the vessel there were placed 2 cc. of the phenol-cresol 
mixture, saturated with sodium pyruvate, and containing 127 mg. 
of pyruvic acid; 2.3 X 10-* mole of thiamine was contained in 0.5 
cc. of the phenol-cresol mixture in the side bulb. Langenbeck 
used 10-* to 10-’ mole of benzoaminooxindole, one of his most 
active catalysts, in his experiments. No pyruvic acid breakdown 
by thiamine was observed in the test system of Langenbeck at 
37° either under aerobic or under anaerobic conditions. 


Reduction of Thiamine and of Cocarborylase 


The function of the pyridine coenzymes as hydrogen transport- 
ers in biological oxidations, as demonstrated by Warburg and 
Christian (21), depends on the alternate hydrogenation and dehy- 
drogenation of the double bond adjoining the quaternary nitrogen 
in the nicotinic acid amide part of the molecule. Kuhn and Vet- 
ter (22) showed that thiamine in the presence of Pd absorbed 1.08 
moles of He. Lipmann (23) pointed out the similarity in structure 
in the thiazole portion of the thiamine molecule to that extant 
in pyridinium compounds. He too was able to reduce the vita- 
min, either with hydrogen activated by platinum black or with 
hyposulfite. In phosphate solution at pH 7.5, 0.9 mole of Hy 
was taken up per mole of thiamine. The reduction with hypo- 
sulfite was followed by the manometric method of Haas (24) in 
which the decomposition of a bicarbonate solution by the acid 
formed through the oxidation of hyposulfite is measured. 


Na,8,0, + X + 2H,0 —_ 2NaHSO, + X—H; 
NaHSO, + NaHCO, =q Na,SO; + H,O + CO, 
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2.7 moles of CO were evolved per mole of the vitamin. As only 
about 2 atoms of hydrogen were taken up in the presence of plat- 
inum black, the “extra acid’? must result from a side reaction. 
Warburg has observed a similar formation of extra acid in the 
hyposulfite reduction of the pyridine coenzymes, and Lipmann 
has followed Warburg’s explanation of that reaction in his inter- 
pretation of the reduction of thiamine. Lipmann believes that 
the reduction takes place at the double bond of the quaternary 
nitrogen. Therefore, only 1 hydrogen atom is added; the other 
is split into a proton and an electron. The latter neutralizes the 
positive charge on the quaternary nitrogen and the extra proton 
accounts for the extra mole of acid formed. 


+ 
R—N=CH— + 2H — R—N—CH,— + H* 
| | 


Support of this view may be found in the hydrogenation experi- 
ments of Erlenmeyer, Epprecht, and Meyerburg (25): thiazole- 
5-carboxylic acid ester methiodide may be reduced in exactly the 
same manner as the methyl iodide derivative of nicotinic acid 
amide. Lipmann and Perlmann (26) have recently extended 
Lipmann’s earlier experiments and have shown that it is the 
thiazole and not the pyrimidine portion of the thiamine molecule 
which is reduced. 

Although Lipmann’s observations indicate that thiamine is 
capable of undergoing reduction just as the pyridine coenzymes 
are, no evidence has been brought forth that thiamine acts as a 
reversible oxidation-reduction system while it is functioning catalyt- 
ically or that, as Lipmann contends, an intermediary semiquinoid 
radical is formed in the reaction. We have been able to con- 
firm Lipmann’s results on the reduction of thiamine. Dihydro- 
thiamine, however, is devoid of any biological activity. On the 
other hand dihydrococarboxylase is as active as the oxidized form 
in both the polyneuritic pigeon and the yeast test system. 

Reduction of Thiamine with Hyposulfite—For 1 mg. of thiamine 
treated at 30° in 3.3 cc. of 1 per cent NaHCO, with 3.5 mg. of 
Na2S.0,, 164 c.mm. of CO, were evolved (gas phase, 95 per cent 
Ne, 5 per cent CO,), or 2.5 moles of CO, per mole of thiamine. 
The calculated value is 3.0; Lipmann found 2.75. As the sulfite 
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formed in this reaction undoubtedly splits the vitamin molecule 
(27), no attempt was made to reverse the changes brought about 
by the reduction. Barron and Lyman (28) have found that the 
reduced thiazole formed in the hyposulfite reduction may be re- 
oxidized by molecular oxygen in the presence of blood hemin or 
nicotine hemochromogen. As the vitamin had been split by the 
sulfite formed during the reduction, the oxidized product failed 
to exhibit any physiological activity. 

Reduction of Thiamine with Activated Hydrogen—At 30°, 2.0 
mg. of thiamine in 3.3 cc. of 0.1 Mm phosphate buffer at pH 7.4 
absorbed 126 c.mm. of Hz or 0.95 mole of Hz per mole of the 
vitamin in 85 minutes. 5 mg. of platinum black were present in 
the reaction vessel. The hydrogen uptake varied in several experi- 
ments from 0.7 to 1.2 moles of H2; most of the values ranged be- 
tween 0.8 and 0.95. The dihydrothiamine is not autoxidizable; 
it does not react with diazotized p-aminoacetophenone after it has 
been shaken for several hours in a vessel filled with air. Alkaline 
ferricyanide fails to oxidize dihydrothiamine to thiochrome, as 
evidenced by the lack of fluorescence in ultraviolet light after 
such treatment. 

When 0.1 mg. of rosinduline GG (E’y) = —0.28V at pH 7) was 
added to the system (thiamine, phosphate buffer, Pt-H,), 0.8 
mole of H: per mole of thiamine was taken up, but the reduction 
was much faster than that occurring in its absence (see Fig. 1). 
The dye probably functions as a hydrogen carrier, transferring 
hydrogen activated by the platinum to the vitamin. The reaction 
between the leuco dye and thiamine must therefore be faster than 
that between Pt-H, and thiamine. This suggests that the re- 
duction potential of thiamine is more positive than —0.28V at 
pH 7. Michaelis (29) has observed a similar case in which an 
oxidation-reduction indicator (safranine) was able to act as a 
hydrogen carrier in the reduction of ferripyrophosphate by Pd-H:. 

Several experiments were performed in which the platinum black 
was replaced by colloidal platinum or colloidal palladium (see 
Fig. 2). When 2.0 mg. of thiamine were reduced with 5 mg. of 
colloidal platinum in phosphate buffer at pH 7.5, 0.7 to 0.8 mole 
of H, was taken up per mole of thiamine in 80 minutes. There 
was observed a considerable initial lag period. With the same 
amount of thiamine and 5 mg. of colloidal palladium, 0.9 to 1.0 
mole of Hz was taken up at a rapid rate; in one instance, however, 
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under the same conditions 3.3 moles of Hg were absorbed. At 
first the reaction was rapid; after 1 mole of Hg had been absorbed, 
the reaction temporarily slowed down, and then went forward 
again. As there are only two double bonds in the thiazole portion 
of the molecule, the pyrimidine portion must also have taken up 
hydrogen in this experiment. Reduction failed to take place with 
platinized asbestos + Hz, in phosphate buffer at pH 7.4, and with 
platinum black + H, in N HCl. In these last experiments the 
determination of free thiamine indicated that very little of the 
thiamine had been reduced. 
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Fig. 1. Reduction of thiamine by hydrogen activated by platinum black. 
Curve 1, control; Curve 2, in the presence of a catalytic amount of rosin- 
duline GG. 

Fia. 2. Reduction of thiamine by activated hydrogen. Curve 1, in the 
presence of colloidal Pt; Curves 2 and 3, in the presence of colloidal Pd. 


The treatment of the vitamin by Zn-HCl led to the disappear- 
ance of free thiamine. To 10 mg. of thiamine in 10 ce. of n HCl, 
there were added a few granules of Zn. In 15 minutes only 10 
per cent of the original thiamine remained unchanged and the 
odor characteristic of reduced thiazole compounds was noted. 
The almost complete disappearance of the absorption spectrum 
(30) suggests that the reduction in this instance caused an irre- 
versible disruption of the molecule. 

Biological Activity of Dihydrothiamine—The activity of dihydro- 
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thiamine was tested on pigeons which developed the typical 
polyneuritic syndrome, after they had been placed on a vitamin 
B,-deficient diet. The thiamine preparation was injected sub- 
cutaneously. 10 micrograms of thiamine were sufficient to relieve 
the nervous symptoms in 2 to 3 hours (three pigeons). 100 
micrograms of dihydrothiamine (prepared from thiamine with 
hydrogen activated by platinum black) failed to afford any relief 
whatsoever (two pigeons); one bird, which had been on the vita- 
min-deficient diet for 3 weeks was given 100 micrograms of dihy- 
drothiamine before any acute deficiency symptoms were present; 
after 7 days it showed the symptoms of polyneuritis. Thus dihy- 
drothiamine does not seem to have any demonstrable vitamin 
activity in pigeons. At the conclusion of these experiments, a 
paper of Lipmann and Perlmann (26) appeared which also states 
that “the biological activity [of thiamine] was lost after hydro- 
genation.”’ 

Reduction of Cocarborylase—Although dihydrothiamine had no 
vitamin activity, the possibility existed that its pyrophosphate 
ester, the coenzyme of carboxylase, may remain active after 
reversible hydrogenation. Consequently a series of experiments 
was performed after the manner of those conducted with thiamine. 

The rate of reduction with hydrogen (platinum black) in phos- 
phate buffer at pH 7.3 was much slower than the hydrogenation 
of thiamine. In five experiments the uptake was allowed to con- 
tinue until 1 mole of H, had been absorbed (4 hours); in one case 
the reaction was allowed to go to completion: 2.33 moles of Hy: 
were taken up per mole of cocarboxylase. In the absence of 
phosphate buffer the reaction came to a standstill after only 0.3 
mole of Hz had been absorbed. It should be mentioned that a 
sample of synthetic cocarboxylase kindly supplied by Merck and 
Company was rapidly reduced by colloidal Pd-H, but not by Pt- 
H; (neither colloidal platinum, platinum black, nor Adams’ PtO,). 
Fig. 3 illustrates some typical hydrogenation experiments with 
cocarboxylase. 

Cocarboxylase couples with diazotized p-aminoacetophenone 
to form an orange pigment. 100 micrograms of dihydrococar- 
boxylase produced a barely perceptible color, indicating almost 
complete reduction. Like dihydrothiamine, dihydrococarboxylase 
is not autoxidizable. 
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Biological Activity of Dihydrococarborylase—15 micrograms 
either of the original cocarboxylase preparation or of dihydro- 
cocarboxylase were sufficient to relieve the polyneuritis in pigeons 
in a few hours. In the yeast test system in which the coenzyme 
solution is added to a suspension of NagHPO,-washed, dried bot- 
tom yeast (2), dihydrococarboxylase was about as active as the 
oxidized form. The more extensively reduced preparation (2.33 
moles of Hz per mole of cocarboxylase) failed to show any coen- 
zyme activity. Both the cocarboxylase prepared by the authors 
and that supplied by Merck were active in the reduced and oxi- 
dized forms. There was no difference in the rate of pyruvic acid 
breakdown when these reactions proceeded in the presence or 
absence of oxygen. A typical experiment is given in Table I. 
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Fic. 3. Reduction of cocarboxylase by activated hydrogen. Curve 1, 
authors’ sample in the presence of platinum black; Curve 2, sample ob- 
tained from Merck and Company in the presence of colloidal Pd. 


It has not been possible to demonstrate in vitro reoxidation of 
dihydrococarboxylase. Although both Mn** and Mg** activate 
the carboxylase system, neither ion was able to reoxidize the 
reduced coenzyme. The flavoproteins of yeast act as hydrogen 
acceptors for the reduced pyridine coenzymes; but an aqueous 
extract of bottom yeast, which is a rich source of flavoproteins, 
failed to oxidize dihydrococarboxylase. Alkaline ferricyanide 
oxidized dihydrococarboxylase to thiochrome pyrophosphate; 
such an oxidation failed to take place with dihydrothiamine. As 
already mentioned, Barron and Lyman have observed that blood 
hemin and nicotine hemochromogen catalyze the reoxidation of 
reduced thiazole which is formed from reduced thiamine by sulfite 
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cleavage. In our experiments neither of these compounds nor 
the cytochrome-cytochrome oxidase system prepared from beef 
heart (31) was able to catalyze the reoxidation of the reduced 
coenzyme. 

On the “Semiquinone” of Thiamine—Lipmann (32) has observed 
a transient greenish yellow color when thiamine is reduced with 
hyposulfite in NaHCO,, or with Zn in normal HCl. He postulates 
a two-step reduction and he considers the “colored intermediate” 
to be a semiquinone radical. This hypothesis is attractive in view 
of the recent evidence indicating that various catalysts of bi- 
ological importance, e.g. riboflavin and pyocyanine, form semi- 
quinones in carrying out their specific functions in living organ- 
isms. 


TaBLe I 
Activity of Cocarborylase Preparations before and after Reduction 


Coenzyme added Activity* 
‘mina ae ty ? ateneue | 
| . . - 
ee eo. s own iwecaties Oaks 96 12 860 
Dihydrococarboxylase... 12 | 780 
Further reduced coe carboxylase (2. 33 melee H. a). | 12 70 





*C.mm. of C Ori in 15 minutes at 37. 6°, pH 6.1. 1001 mg. of washed yeast, 
5 mg. of pyruvic acid, and 100 micrograms of Mg** were present in each 
vessel. 


However, we have failed to confirm Lipmann’s observation with 
thiamine samples from Merck, Winthrop, and I. G. Farben- 
industrie; nor did cocarboxylase yield a colored product upon 
reduction in neutral solution. When hyposulfite was used as a 
reductant, such a color developed only when insufficient NaHCOs 
was present to neutralize the HCl in the vitamin sample and the acid 
sulfite formed in the reduction process; in such cases the pH fell to 
about 3. When hyposulfite solutions alone were brought to this 
hydrion concentration, the same greenish yellow color was ob- 
served in the absence of thiamine. We were likewise unable to 
reproduce the phenomenon by reduction of thiamine with Zn in 
HCl, contrary to Lipmann’s findings.® 


* Note Added in Proof—Dr. Fritz Lipmann has now kindly demonstrated 
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DISCUSSION 


On the basis of model experiments, Langenbeck has postulated 
that whenever the structure of carboxylase becomes known, a 
primary amino group will be found in the molecule as the active 
center. His hypothesis seemed to receive full confirmation when 
thiamine pyrophosphate was found to be the coenzyme of car- 
boxylase. But it has been observed in the present work that thi- 
amine is not a typical primary amine: it reacts with ketene to 
yield not an N-acetyl but an O-acetyl derivative;’ nor does it 
readily give up its nitrogen in the Van Slyke manometric apparatus 
when treated with nitrous acid. In the test system of Langen- 
beck, thiamine was found to be completely inactive as a car- 
boxylase model. If the vitamin were identical with the active 
center of the enzyme and if Langenbeck’s scheme were valid, then 
thiamine should be far more active than any other primary amine 
tested by that worker. Because of these findings, the Langen- 
beck hypothesis, while interesting from the point of view that 
organic catalysts exhibit some properties similar to enzymes, can- 
not as yet be accepted without reservation as an explanation of 
carboxylase action. 

We have confirmed Lipmann’s findings on the reduction of 
thiamine. The biological activity of the reduced forms of 
the free and of the pyrophosphorylated thiamine emphasizes 
the importance of the pyrophosphate group. Dihydrothiamine 
is completely devoid of any antineuritic activity in pigeons 
even when 10 times more than the effective dose of thiamine 
is injected. Dihydrococarboxylase on the other hand is just 
to us the formation of a greenish yellow intermediate in the course of the 
reduction of thiamine by hyposulfite under the following conditions. 
When a solution of 50 mg. of thiamine in 1.5 cc. of saturated Na,HPO, 
solution is mixed in an evacuated Thunberg tube with 70 mg. of solid 
Na,S,0,, a greenish yellow color develops and then slowly fades. The 
pH of the reaction mixture was found to be 7. It will be noted that 
these experimental conditions differ from those mentioned in Dr. Lip- 
mann’s preliminary publication (32). 

7 The O-acetyl derivative of thiamine has recently been shown by Kuhn 
et al. (33) to have an effect similar to acetyl choline on the isolated in- 
testine of the rat. These investigators prepared the acetylated thiamine 
by treatment of the pyrimidine part of the vitamin with the O-acetylated 
thiazole portion. 














610 Mechanism of Cocarboxylase Action 


as active as the oxidized form both in the polyneuritic pigeon 
and in the yeast test system. The pyrophosphate side chain 
in cocarboxylase which appears to be necessary for the reversi- 
bility of the reduction of the coenzyme probably serves as the 
link between the active group and the protein bearer to which it 
must be attached before it can undergo reversible oxidation- 
reduction. The inactivity of reduced thiamine may be due to its 
inability to be pyrophosphorylated in the biological test system; 
hence it would be unable to combine with the protein carrier. 

A sample of cocarboxylase which had taken up 2.33 moles of 
H, was completely inactive. This agrees with the findings of 
Warburg, Christian, and Griese (34) on the pyridine coenzymes. 
Although dihydrocozymase retains its activity, the hydrogenation 
product (hexahydrocozymase) resulting when the reaction with 
Pt-H; is allowed to run to completion is no longer capable of under- 
going reversible oxidation-reduction. The similarity in structure 
between the pyridine coenzymes and cocarboxylase is emphasized 
by the recent work on isosterism, which indicates that in nuclear 
derivatives ring sulfur and an aromatic —CH=CH— group are 
mutually replaceable. Thus Schmelkes (35) finds that 2-methyl- 
3-8-hydroxyethyl-N-(2-methyl-6-aminopyrimidyl-(5) )-methylpyri- 
dinium bromide hydrobromide which is isosteric with thiamine 
bromide hydrobromide is active as vitamin B, in the rat. 

In Bacterium delbriickii reduced thiamine pyrophosphate ap- 
pears to be oxidized through an alloxazine-adenine-protein (36). 
Barron (37) has found that pyruvic acid oxidation in gonococci 
is inhibited by cyanide; in the light of recent work one may in- 
terpret this as due to the inhibition of the oxidation of reduced 
thiamine pyrophosphate by the cyanide-sensitive cytochrome- 
cytochrome oxidase system. The fact that in yeast the reduced 
coenzyme possesses the same order of activity as the oxidized 
form indicates that reversible reduction and oxidation take place 
during the decarboxylation, or that the reduced coenzyme is 
oxidized by another system before entering the catalysis. If the 
latter were true, then some lag period in the reaction would be 
expected. Fig. 4 shows that both the oxidized and reduced coen- 
zymes when added to the washed yeast attack pyruvic acid at the 
same rate, which seems to favor the view that the reduced coen- 
zyme itself enters into the catalysis. As both the oxidized and 
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reduced coenzymes liberate CO, from pyruvic acid at equal rates 
under aerobic and anaerobic conditions, the hydrogen acceptor 
for the system does not appear to be molecular oxygen. 

In many bacteria and in animal organisms, the decarboxylation 
of pyruvic acid occurs together with an oxidation of the molecule 
to acetic acid. As the same substrate and same coenzyme occur 
in yeast, it seemed as though the first step in yeast decarboxyla- 
tion might also involve an oxidation of pyruvic acid to acetic acid 
and CO, and a reduction of cocarboxylase. The reduced coen- 
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Fic. 4. Activity of cocarboxylase and dihydrococarboxylase. pH, 6.1; 
temperature, 37.5°; gas phase, air. Curve 1, control, washed yeast (100 
mg.), Mg** (0.1 mg.), pyruvic acid (5 mg.) ; Curve 2, as control + 12 micro- 
grams of dihydrococarboxylase; Curve 3, as control + 12 micrograms of 
cocarboxylase. Similar curves were obtained under nitrogen, all other 
conditions remaining the same. 


zyme could then be reoxidized when the acetic acid is reduced to 
form the second end-product of the carboxylase reaction, viz. 
acetaldehyde. Aldehydrase, an enzyme which actually catalyzes 
such a reaction in a reversible manner, has been described in 
yeast (38). However, the following observations militate against 
this view. At the optimal pH of carboxylase action (pH 6.1) 
no aldehydrase activity was detectable in the yeast system. Also, 
whereas both acetaldehyde and CO, inhibit carboxylase action, 
acetate has no effect on the activity of the enzyme. 
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SUMMARY 


1. The evidence obtained suggests that pyruvic acid is not 
decarboxylated via the “‘Langenbeck cycle’’; i.e., by combination 
with cocarboxylase to form a catalytically active substituted 
imino acid. 

2. Acetylation of thiamine with ketene yields an O-acetyl and 
not an N-acetyl derivative. 

3. Neither dihydrothiamine nor dihydrococarboxylase is autoxi- 
dizable. 

4. Dihydrothiamine has no antineuritic activity in pigeons; 
dihydrococarborylase is highly active both in the pigeon and in the 
yeast test system. This finding strongly suggests that the coen- 
zyme in the course of its physiological function goes through an 
oxido-reductive cycle. 
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ULTRAVIOLET ABSORPTION SPECTRA OF COCARBOXYL- 
ASE, THIAMINE, AND THEIR REDUCTION PRODUCTS* 


By JOSEPH L. MELNICK 


(From the Laboratory of Physiological Chemistry, Yale University School 
of Medicine, New Haven) 


(Received for publication, September 22, 1939) 


The evidence presented in the preceding paper (1) indicates 
that the biological activity of thiamine pyrophosphate (cocar- 
boxylase) depends upon the reversible oxidation-reduction of the 
coenzyme. This view would be strengthened if it were possible 
to demonstrate spectroscopically the occurrence of dihydrothi- 
amine or its pyrophosphorylated derivative in tissues or in the 
yeast test system. Warburg and Christian (2) observed that upon 
the reduction of diphosphopyridine nucleotide (cozymase) a 
new absorption band at 340 my arises in addition to the maximum 
at 260 mu. Meyerhof, Ohlmeyer, and Méhle (3) have employed 
the width of the new band appearing upon reduction as a measure 
of the concentration of the coenzyme, and have utilized this 
phenomenon in demonstrating the coupling between oxidation- 
reduction and phosphorylation reactions in the intermediary 
carbohydrate metabolism of muscle and of yeast. The present 
measurements on the oxidized and reduced forms of thiamine and 
cocarboxylase were performed at the suggestion of Dr. Kurt G. 
Stern. 

Various investigators have reported different values for the 
ultraviolet absorption maxima of thiamine. These divergences 
were at first attributed to impurities present in the vitamin 
samples. However, Holiday (4) called attention to the extreme 


*The data for this paper form part of a dissertation presented by 
Joseph L. Melnick in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy, Yale University, 1939. 

This work was aided by a grant from the Jane Coffin Childs Memorial 
Fund for Medical Research. 
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sensitivity of the spectrum of thiamine to changes in hydrion con- 
centration. He found it impossible to use solutions of the vita- 
min in distilled water, because the slight variations in the pH of 
the water caused marked changes in the absorption curve. Many 
of the discrepancies in the literature may undoubtedly be 
explained in this manner. The results from several laboratories 
illustrate the effect of pH on the position of the absorption maxima 
of thiamine (Table I). 

Williams (9) has found that methylated 6-aminopyrimidines 
are subject to similar shifts of the absorption maxima upon change 
of pH, but he has not correlated these findings with the shifts 
exhibited by thiamine. The suggestion has been offered that the 


TaBie I 
Ultraviolet Absorption Maxima of Thiamine 


Bibliographic reference | Maxima | Reaction 
bee 

Peters and Philpot (5)........ | 247 Acid 

is “ - (5) | 233, 335 Alkaline (pH 13) 
Smakula (6)............... ...| 245, 260 Neutral 
Windaus (cf. Holiday (4)) | 247 Acid 
NE RT ree | 246 “ 

ee aR | 234,268 | Neutral 

Wintersteiner, Williams, and Ruehle 

Reyes ictaess scahssstste ck. Gee | a 
Heyroth and Loofbourow (8)...... | 233, 265 | aie 





change in the absorption curve with pH is indicative of an equilib- 
rium between the thiamine molecule and two dissociable units 
similar to those found upon sulfite cleavage (8,10). It seems more 
probable, however, that such shifts in the thiamine spectrum are a 
manifestation of molecular rearrangement in the aminopyrimidine 
portion of the vitamin molecule. 

In view of this situation, the absorption curves given in Fig. 1 
were all taken under conditions in which the hydrion concentra- 
tion was controlled (either pH 7.4 or 2.3). The same sample 
was used to prepare the solutions of different hydrion concentra- 
tions. The absorption measurements were made with a Bausch 
and Lomb medium quartz spectrograph equipped with a sector 
photometer; a condensed spark between tungsten steel electrodes 
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served as the light source. The match point method was used 
for evaluating the spectrographic records (Table II). The spee- 
tra are plotted in the conventional manner, viz. wave-lengths as 

















220 240 260 180 300 220 240 260 280 


Fic. 1. Absorption spectra of (Curve 1) thiamine, pH 7.4; (Curve 2) 
thiamine, pH 2.3; (Curve 3) dihydrothiamine, pH 7.4; (Curve 4) dihydro- 
thiamine, pH 2.3; (Curve 5) a mixture containing approximately equal 
parts of thiamine and dihydrothiamine, pH 7.4. 


Tasie II 
Absorption Maxima of Thiamine and Dihydrothiamine 


| | Molecular extinetion 








pH Maxima coefficients 
| at maxima 
BO ARE RSA, 0 STR, MA ee na rT. 

Thiamine. 7.4 | 235, 265 10.25, 6.0 
™ ....| 23] 23 10.6 

Dihydrothiamine (0.8 mole H,)*...| 7.4 237, 280 | 6.6, 4.7 
" 08 “ “)*...1 2.3 | 244 | 6.9 

* OS. .#: MM. nL Fa | 235, 272 7.4, 4.5 


* The vitamin was reduced by hydrogen, activated with platinum black, 
in phosphate buffer at pH 7.4. 

t In this instance the reduction of thiamine was interrupted after 0.35 
mole of H, was taken up. An analysis of an aliquot indicated that about 
50 per cent of the vitamin remained unchanged. 


the abscisse and molecular extinction coefficients (Z) as the or- 
dinates, where 

Io 

exd "I 
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c = molar concentration (moles per liter), d = depth of cell (em.), 
Io = intensity of incident light, J = intensity of transmitted © 
light. 

The spectrum of dihydrothiamine prepared with colloidal pal- 
ladium also showed at pH 7.4 the shift in the maximum of the 
long wave band to 280 mu (EF = 6000); the short wave band could 
not be photographed because of the end-absorption caused by the 
protective colloid present in the palladium preparation. Before 
the ultraviolet measurements were made, it was necessary to ultra- 
centrifuge the solution (63,000 g for 30 minutes) to remove the 
finely divided palladium. Two preparations which had taken up 
0.9 and 3.3 moles of He per mole of thiamine also showed the 
absorption maximum at 280 my at pH 7.4. 











Tasie III 
Ultraviolet Absorption Maxima of Cocarboxylase and Dihydrococarborylase 
|; | Molecular ex- 
pH Maxima tinction coeffi- 
cients at maxima 
| my | x 10% 
Cocarboxylase | 7.4 237,266 | 9.7,7.1 
7 SG Nat Jans | 238 | 243 | 12.7 
Dihydrococarboxylase*... | 7.4 | 236,279 | 6.9,3.7 
“ “— | 2.8 | 20 | 6.7 


* The coenzyme was reduced by hydrogen, activated with platinum 
black, in phosphate buffer at pH 7.4. 





The absorption spectra of cocarboxylase and of thiamine mono- 
phosphate have been observed by Lohmann and Schuster (11) 
to have two maxima (245 and 260 my); however, the pH of the 
solutions was not reported. The results obtained in the present 
experiments are given in Table III and Fig. 2. 

The absorption maxima obtained for thiamine and cocar- 
boxylase were very similar at the same pH. Upon reduction, the 
measurements at pH 7.4 show a lowering of the extinction at the 
maximum in the short range ultraviolet, while the absorption at 
the maximum in the longer wave range is lowered only slightly 
and shifted further towards the longer wave range; at pH 2.3, 
the maximum at 243 mz, is still present but is lowered and is not as 
sharp. The results shown in Fig. 1 illustrate the shift in the ab- 
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sorption bands, measured at pH 7.4, as the reduction was allowed 
to proceed. When the reduction was interrupted after 0.35 
mole of Hz had been taken up, the spectrum obtained was a 
composite of those of the fully oxidized and the dihydrothiamine 
(0.8 mole of Hz). The merging of the two bands on acidification 
of thiamine solutions confirms the findings of Holiday and of Hey- 
roth and Loofbourow. The fact that the curves of the reduction 
products exhibit a similar sensitivity to pH as that shown by the 
oxidized compounds suggests that the molecules have not been 
disrupted during the hydrogenation. When thiamine is reduced 
with Zn in N HCl, the entire absorption spectrum practically dis- 

















li l] l L L 1 l = 
220 20 260 280 300 220 240 160 280 300 
= mp 

Fic. 2. Absorption spectra of (Curve 1) cocarboxylase, pH 7.4; 
(Curve 2) cocarboxylase, pH 2.3; (Curve 3) dihydrococarboxylase, pH 7.4; 
(Curve 4) dihydrococarboxylase, pH 2.3. 





appears—only a low, flat plateau is left—which indicates that this 
treatment is much more drastic than hydrogenation with Pt-H, 
or Pd-He. It will be noted from Figs. 1 and 2 that the spectral 
shifts obtained upon the reduction of the free and pyrophosphory- 
lated vitamin are not as large as those taking place upon reduction 
of the pyridine coenzymes. 


SUMMARY 


The ultraviolet absorption spectra of thiamine and of cocar- 
boxylase have been measured under standard conditions of hydrion 
concentration. Upon reduction of the vitamin or of its pyrophos- 
phate ester, there occurs at pH 7.4 a lowering of the extinction at 
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the maximum at 235 to 237 my, while the maximum at 265 to 
266 my is lowered only slightly but is shifted to 280 my; at pH 2.3 
the band at 243 maz is still present but it is lowered and not as 


sharp. 
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A FLUOROMETRIC METHOD FOR DETERMINING THE 
RIBOFLAVIN CONTENT OF FOODSTUFFS 


By A. Z. HODSON anv L. C. NORRIS 
(From the Department of Poultry Husbandry, Cornell University, Ithaca) 


(Received for publication, October 6, 1939) 


A number of chemical methods have been described for the 
determination of riboflavin (1-13). These methods are in general 
limited in use because, when applied to certain products, either 
they are not specific for riboflavin or all the riboflavin present 
is not recovered (2). In most cases the authors of papers pre- 
senting riboflavin methods have indicated that the methods are 
of limited application either by the titles of the publications or 
in the descriptions of the methods. The various methods have 
proved of value both in the limited application for which they 
were intended and in forming the basis for the more general method 
presented in this paper. 

Principle of Method—This method depends upon the following 
physical and chemical properties of riboflavin. (1) It fluoresces 
green when irradiated with blue light. (2) It is not destroyed by 
mild oxidation or by reduction. (3) It can be reduced to a non- 
fluorescing form with sodium hydrosulfite and reoxidized readily 
by shaking with air. (4) It is not reduced by stannous chloride. 
(5) The intensity of the fluorescence can be measured with a 
photoelectric cell. 

This method for determining riboflavin in an unknown solution 
is an indirect one. This is necessary owing to the fact that in 
foodstuffs other pigments and fluorescing substances are usually 
present and accompany riboflavin on extraction. The pigments 
interfere with the accuracy of the determination by absorbing a 
part of both the activating and the fluorescent light and hence 
cause the direct determination of riboflavin by measurement of 
fluorescence to be too low. The fluorescent substances interfere 
with the accuracy of the determination by fluorescing in the 
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green portion of the spectrum and hence cause the direct de- 
termination of riboflavin to be too high. The interfering pigments 
can be gotten rid of to some extent and the interfering reducible 
fluorescent substances entirely by resorting to a preliminary 
reduction with sodium hydrosulfite and stannous chloride, since 
in the presence of the latter reagent none of the interfering sub- 
stances encountered up to the present time is readily reoxidized 
to the fluorescent form, whereas riboflavin is. 

The difficulty of getting rid of the stable interfering pigments 
is overcome by adding a known amount of a standard solution 
of riboflavin to the unknown solution after a preliminary measure- 
ment with the fluorometer and determining the extent by which 
these interfering pigments decrease the value of the added ribo- 
flavin. Then by applying a correction factor the quantity of 
riboflavin in the unknown solution is determined. Stable sub- 
stances which fluoresce green are eliminated by reducing the 
riboflavin in the unknown solution with sodium hydrosulfite and 
determining the concentration of riboflavin by difference. 

Reagents— 

Sulfuric acid, approximately 0.25 Nn. 

Trisodium phosphate solution; 65 gm. of NasPO,-12H,0 dis- 
solved in 1 liter of distilled water. 

Acid-acetone solution; 3 volumes of commercial acetone plus 
1 volume of N sulfuric acid. 

Standard riboflavin solution; a weighed amount of riboflavin 
of the highest purity obtainable dissolved in distilled water and 
made to a known volume. A concentration of 50 micrograms 
per ml. makes a convenient solution. This solution should be 
preserved in a cool, dark place. The addition of a few drops of 
glacial acetic acid to the solution will insure an acid pH and help 
to stabilize it. Dilutions of the standard solution are used to 
standardize the instrument and in preparing a special standard 
solution for use in the determination of riboflavin in unknown 
solutions. The concentration of the special standard solution 
depends upon the sensitivity of the fluorometer. 

Sodium hydrosulfite solution; 1 gm. of sodium hydrosulfite’ 
and 1 gm. of sodium bicarbonate dissolved in 20 ml. of ice-cold 


1 Kahlbaum or Eastman. 
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distilled water and kept in an ice bath. The solution is stable 
for approximately 4 hours. 

Stannous chloride. 10 gm. of stannous chloride are dissolved 
in 25 ml. of concentrated hydrochloric acid and stored in a brown, 
glass-stoppered bottle. For the determination dilute 1 ml. of 
the above stock solution to 200 ml. with water. A fresh prepara- 
tion of the dilute solution should be made daily. 

Apparatus—The fluorometer? used most extensively in this 
work is a modification of the one designed by Hand (12) and is 
similar to the one described by Cohen (3). The following modi- 
fications were made in the Hand instrument. A Corning filter,’ 
H. R. lantern blue, No. 554, is used to give pure blue activating 
light. The light source is a General Electric mercury vapor lamp,‘ 
type H3, 85 watt, stabilized with a Raytheon voltage regulator,® 
type V4, to minimize the effect of line voltage variations. Be- 
cause of the power factor of the special lamp transformer a General 
Radio variac transformer,’ type 200 CMH, connected for use on 
a 115 volt circuit, must be placed between the voltage regulator 
and the lamp transformer in order to step up the voltage. The 
variable transformer also permits control of the light intensity. 
The unknown solution is put in a 50 mm. cubical optical cell. 
The photocurrent is measured with a Lange multiflex galvanom- 
eter’ in order to obtain high sensitivity. It is essential that the 
fluorometer be highly sensitive, as the most effective means of 
determining riboflavin in the presence of large amounts of light 
absorbing impurities is to dilute the solution. It is sometimes 
necessary to use dilutions as great as 1000:1. 

Standardization of Fluorometer—Before the instrument is stand- 
ardized, it is necessary to regulate the intensity of the activating 


* A fluorometer with suitable filters adaptable to the determination of 
riboflavin may be obtained also from Pfaltz and Bauer, Inc. This fluor- 
ometer has been used in obtaining part of the data presented in this report. 
When the line voltage is variable, it is necessary to use the voltage regulator 
and variable transformer in order to stabilize and control the lamp in the 
Pfaltz and Bauer instrument. 

* Corning Glass Works, Corning. 

‘General Electric Vapor Lamp Company, Hoboken, New Jersey. 

5 Raytheon Manufacturing Company, Waltham, Massachusetts. 

* General Radio Company, Cambridge, Massachusetts. 

? Pfaltz and Bauer, Inc., New York. 
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light so as to obtain a standard galvanometer response. This 
is accomplished by inserting a cube of canary glass* which flu- 
oresces in the green portion of the spectrum in the path of the 
activating light at such a position in front of the photocell that 
the galvanometer light beam comes to rest at an intermediate 
point on the scale. The position found for the glass cube must 
be easily reproduced; otherwise it will be difficult when the in- 
strument is used in the future so to regulate the activating light 
as to obtain the standard galvanometer response. A solution 
of riboflavin or sodium fluorescein of appropriate concentration 
may also be used in obtaining the standard response in place of 
the canary glass cube. 

After it has been adjusted to the standard response, the flu- 
orometer is standardized by obtaining the galvanometer response 
to a series of riboflavin solutions of known concentration. These 
are prepared by diluting portions of the standard solution with 
distilled water. The solutions should vary in concentration from 
zero to a concentration which gives a full scale deflection of the 
galvanometer. Then the concentrations of riboflavin in micro- 
grams per ml. are plotted against the galvanometer responses. 
The graph obtained is used to convert the galvanometer responses 
produced by unknown solutions into concentrations of riboflavin 
per ml. 

If preferred, the concentration per unit of galvanometer deflec- 
tion may be calculated and a factor obtained for converting the 
galvanometer deflection into the corresponding concentration of 
riboflavin in the unknown solution. This is possible because of 
the linear relationship between the concentration of riboflavin 
per ml. and the galvanometer response. That this relationship 
exists for low concentrations of riboflavin has been shown by 
Cohen (3). As an example of the linear relationship, a test on 
one fluorométer showed an average concentration of 0.00219 
microgram of riboflavin per scale division with a maximum devia- 
tion of 2.3 per cent from an average of seven values spread over 
the entire galvanometer scale. 

The fluorometer should be restandardized occasionally with a 
fresh solution of standard riboflavin. This is due to the fact 
that certain parts of the instrument change their characteristics 
slightly with use. 
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If one depends entirely upon the galvanometer response to 
a known amount of standard riboflavin solution added to the 
unknown solution after a preliminary reading is made, it is un- 
necessary to standardize the instrument in the manner just de- 
scribed. However, this is of value, as it permits of some check 
on the concentration of the standard riboflavin solution which 
is not entirely stable. 

Extraction of Riboflavin—A 5 gm. sample of the unknown is 
weighed into a 500 ml. Erlenmeyer flask and 50 ml. of 0.25 N 
sulfuric acid are added. The sample is thoroughly mixed with 
the solvent. Any lumps that form when the liquid is added 
are broken up and the mixture is gently refluxed under a condenser 
for 1 hour. Then the extract is allowed to come to room tem- 
perature, after which it is brought to pH 7.0 to 7.5 with a trisodium 
phosphate solution, with nitrazine paper® as an indicator. Suf- 
ficient water is then added to make the additions 50 ml. This 
makes the total volume of liquid added to the sample 100 ml., 
or a dilution of 1:20. After standing 30 minutes, the mixture 
is filtered through a fluted filter and an aliquot of the filtrate 
is pipetted into a 200 ml. volumetric fiask and diluted to approxi- 
mately 175 ml. with distilled water. Then 2 ml. of sodium hydro- 
sulfite and 2 ml. of stannous chloride are added, and the solution 
mixed and diluted to the mark. This mixture is allowed to stand 
for 10 minutes and then is poured into a liter Erlenmeyer flask 
and shaken vigorously for 5 minutes with access to air. The 
extract may be shaken by hand or with a mechanical shaker. A 
definite volume is pipetted into an optical cell for the fluorometric 
determination. The solution should be filtered if a precipitate 
forms during the preliminary reduction and oxidation. A faint 
cloudiness does not seriously interfere with the fluorometric 
determination. In this work it is essential to avoid exposing 
the riboflavin extracts to light as much as possible. 

The size of the sample and the amount of solvent may be varied, 
of course, but the amounts given above have been found con- 
venient. The size of the aliquot taken for dilution depends on 
two factors, the concentration of riboflavin, and the amount of 
light-absorbing impurities. Sufficient riboflavin should be present 


* E. R. Squibb and Sons, New York. 
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in the diluted solution to give a reasonable fluorometer response. 
On the other hand, it is preferable that the light-absorbing im- 
purities be of such a concentration as not to decrease the intensity 
of the riboflavin fluorescence by more than one-half as determined 
by adding a known amount of riboflavin to the unknown solution. 
In some instances, however, satisfactory results have been ob- 
tained when the intensity of the riboflavin fluorescence was re- 
duced to one-fifth. 

In the extraction of bulky materials, such as alfalfa meals 
and other dried forages, it is desirable to double the quantity of 
0.25 N sulfuric acid used to extract the dry sample. Samples 
of milk by-products containing casein should be extracted with 
the acid-acetone mixture rather than the 0.25 N sulfuric acid. 
When considerable casein is present, neutralized 0.25 N sulfuric 
acid extracts cannot be filtered. Experience has shown that 
with carefully prepared milk by-products the preliminary reduc- 
tion with stannous chloride and sodium hydrosulfite may be 
omitted. With badly caramelized products the preliminary re- 
duction must be included. 

The method outlined above does not yield extracts in which 
the riboflavin can be satisfactorily determined if exceedingly 
large amounts of light-absorbing impurities are present, such as 
extracts of material containing a relatively large proportion of 
molasses. However, reasonably accurate determinations have 
been made on a few samples of riboflavin concentrates containing 
molasses by means of the following modification. 

To 10 ml. of the neutralized extract are slowly added 90 ml. 
of methyl alcohol and the mixture is filtered with precautions to 
prevent evaporation. A suitable aliquot of the filtrate is trans- 
ferred to a 200 ml. volumetric flask, diluted to 175 ml., and the 
usual procedure followed. Precipitation with methyl alcohol or 
other miscible solvents is not always advisable, as riboflavin is 
sometimes lost on the precipitate produced. If it is necessary 
to use this procedure, a check on the recovery of added riboflavin 
should be made. In the case of riboflavin concentrates con- 
taining molasses recoveries of riboflavin added to the extract 
before the methyl alcohol precipitation varied from 95 to 113 
per cent with an average of 101 per cent on three different products. 

Determination of Riboflavin—The inteasity of the mercury vapor 
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light is adjusted by means of the variable transformer so that 
the canary glass cube gives the standard response. Then the 
optical cell containing the unknown solution is placed in the 
fluorometer and a reading (a) made. A known amount of the 
special standard riboflavin solution (not more than 2 per cent 
of the unknown volume) is added and a second reading (b) made. 
After this the riboflavin in the solution is reduced by adding 
sodium hydrosulfite solution (2 per cent of the volume of the 
unknown solution) and a third reading (c) made. The same 
amount of standard riboflavin solution is also added to a volume 
of water equal to that of the unknown solution and a fourth 
reading (d) made. 

Calculation—The galvanometer readings are converted into 
micrograms of riboflavin per ml. by referring to the standardization 
graph. The converted reading c; multiplied by y (the correction 
factor used to compensate for the dilution resulting from the 
addition of the standard riboflavin solution and the sodium hydro- 
sulfite solution) is subtracted from the converted reading ay. 
The result of a; — cy gives the uncorrected micrograms of ribo- 
flavin per ml. of unknown solution. This result must be corrected 
for the absorbing effect of stable interfering pigments upon the 
activating and fluorescent light. It is accomplished by mul- 
tiplying the result by d,/(b: — a), the converted reading d, divided 
by the converted reading 6; minus the converted reading a). 
This calculation increases the result to the extent that the value 
of the standard riboflavin solution is decreased by the stable 
interfering pigments. The result of this calculation when it is 
multiplied by the proper dilution faetor (z) gives the micrograms 
of riboflavin per gm. of sample. The complete formula is as 
follows: 


d. 
(a, — cy) — z = micrograms of riboflavin per gm. 
1 


It is, of course, not necessary that the calculation be made 
exactly as given, if the proper principles are followed and the 
proper corrections made. 


DISCUSSION 


The extraction methods presented in this report were chosen 
for efficiency of extraction, simplicity of operation, and the elimina- 
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tion of interfering pigments and fluorescent substances. They are 
the result of a somewhat detailed study of this problem. In this 
study attempts were made to extract riboflavin from samples 
of dried whey, dried skim milk, and dried buttermilk with 60 
per cent methyl alcohol, 60 per cent ethyl alcohol, acetic acid 
and trichloroacetic acid, 60 per cent methyl alcohol 0.25 N with 
respect to HCI, 0.25 n sulfuric acid, 0.25 N acetic acid, and 0.25 n 
hydrochloric acid. No solvent extracted more riboflavin than 
the 0.25 n sulfuric acid or the acid-acetone mixture, and, when 
applied to a variety of foodstuffs, the latter two proved to give 
extracts that were better suited for the fluorometric determina- 
tion. It has not been possible to make a comparison of all methods 
of extraction on all types of foodstuffs because of the work in- 
volved and because during extraction with solvents containing 
ethyl alcohol, methyl alcohol, and acetone so much other pigment, 
chlorophyll, carotenoids, etc., is often dissolved that a fluoro- 
metric determination is impossible. The fact that the recovery 
of riboflavin added to milk by-products varied from 95 to 102 
per cent is additional, although not infallible, evidence of the 
completeness of the extraction. 

A comparison of results secured by the fluorometric method 
with those secured by the microbiological method of Snell and 
Strong (14) and the modified absorption method is presented 
in Table I. Good agreement was obtained between the results 
secured by the fluorometric method and the microbiological 
method of Snell and Strong. These authors state that the ac- 
curacy of their method is within +10 per cent. Since the results 
of the chemical methods occasionally vary by 10 per cent, it is 
believed that the discrepancies can be largely explained on the 
basis of the variability of the methods. 

The fluorometric results are in agreement with results obtained 
by modifications of the absorption photometric method of Sullivan 
and Norris (13). The modifications in the Sullivan and Norris 
absorption photometric method consist essentially of the use 
of the improved extraction procedures and of stannous chloride 
and sodium hydrosulfite to eliminate interfering light-absorbing 
compounds as in the fluorometric method reported herein. The 
modified absorption photometric method has not proved suitable 
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Comparison of Results Secured by Fluorometric Method, Microbiological 
Method, and Absorption Photometric Method 


Sample 
No. 


222 
170 
168 
169 
171 
233 
223 
229 
118 
115 
190 
191 
193 
232 


192 


239 


49 
44 
59 
224 
231 
237 


161 


182 
172 
173 
193 
178 
179 
176 
184 








Foodstuff 


Dehydrated alfalfa meal 
ad ai “ee 
. ** leaf meal 


“ee “ee ce ad 


Sun-cured 
White fish-meal 
ie) ae 
Meat scrap 
rai oe 


** and liver meal 


ae ‘e “ “ce 
ce ‘é “ce ae 
ce ‘e ce “ce 
sé ce ce ae 


Liver meal 
Dried skim milk 


“ee ae Lad 
“ce “e “e 
“ce ce se 
oe “ oe 
‘* whey 

se oe 

ce ae 

ae se 

ce ai 

‘* yeast 

oe se 


Ground soy beans 

Soy bean oil meal 

Whole wheat 

Wheat flour middlings 
‘* bran 

flour 


Yellow corn-meal 
“<é oe 


ce 


(granulated) 
Oat groats 
Rolled oats 








Micrograms of riboflavin per gm. 





Fluoro- 
metric 


15.5 
14.3 
17.6 
13.1 
18.0 
17.7 
10.6 

8.9 

8.4 

7.2 
29.9 
28.9 
28.8 
29.1 
37.6 
78.8 
20.0 
17.6 
19.2 
19.5 
22.2 








Microbio- 


log 


15 
13 
17 
14 
18 
16 
1] 

9 


29.9 
34.3 
33.3 
25.0 


72.0 


~ 
~ 
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for determining riboflavin in alfalfa meal or in materials con- 
taining a relatively small amount of riboflavin. 


SUMMARY 


1. A fluorometric method for determining the riboflavin content 
of foodstuffs is presented. 

2. Results secured by the method on a number of samples 
of foodstuffs are compared with results secured by the micro- 
biological method of Snell and Strong and good agreement is 
shown. 


The authors wish to express their appreciation to The Borden 
Company, New York, which made this work possible by the 
establishment of a special temporary investigatorship at Cornell 
University. They also wish to express their appreciation to 
Dr. R. O. Brooke of the Wirthmore Research Laboratories, 
Malden, Massachusetts, for conducting the microbiological 
assays. 
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Since the first demonstration that insulin was a sulfur-containing 
compound, the ascertainment of the complete identity of the 
sulfur has been before the field. Recently, Miller and du Vi- 
gneaud (1) reported that within the limits of the accuracy of the 
methods which they employed they were able to account for the 
sulfur of crystalline insulin entirely on the basis of cystine. It 
was demonstrated that the lower values previously obtained were 
due to destruction of cystine on the one hand and incomplete hy- 
drolysis on the other. At about the same time, however, Kassell 
and Brand (2) reported that 5 per cent of the sulfur of crystalline 
insulin occurred in the form of methionine and that 94 per cent of 
the sulfur was accountable as cystine. That the presence of such 
a small amount of methionine was possible as far as the experi- 
mental data of Miller and du Vigneaud were concerned was 
pointed out by the latter authors in an addendum to their paper. 
Further work in regard to the presence of methionine therefore 
seemed warranted. 

It is to be noted that the methionine value reported by Kassell 
and Brand was based on the volatile iodide which was liberated 
when the insulin was digested with HI according to the method 
of Baernstein (3). The small amount of insulin used in the de- 


* The insulin used in the present investigation was kindly supplied by 
Eli Lilly and Company. The authors take this opportunity to express 
their sincere appreciation for this material. 

t Eli Lilly and Company Research Fellow. 
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termination precluded the accurate measurement of the homocys- 
teine thiolactone in the HI digests but its presence was stated to 
have been established. 

The possibility of the origin of volatile iodide from sources in a 
labile protein molecule other than methionine is too great to allow 
one to depend on the volatile iodide alone to establish the presence 
of methionine, particularly when small amounts are involved. 
That proteins may liberate volatile iodides not originating from 
methionine has already been intimated by Baernstein (3, 4) who 
found that a number of proteins yielded more volatile iodide than 
could be accounted for on the basis of the methionine present as 
determined by the homocysteine thiolactone titration. A 
measurement of the homocysteine thiolactone which is formed 
when methionine is digested with HI constitutes a far more specific 
method and is, in fact, given preference by Baernstein. This 
method consists first in opening the thiolactone ring with strong 
ammonium hydroxide in the presence of sodium tetrathionate; 
the sulfhydryl groups thus liberated are oxidized to disulfide link- 
ages by the tetrathionate; and the thiosulfate which is formed 
from the latter is then titrated in acid solution with standard 
biiodate. At present, no naturally occurring amino acid other 
than methionine is known which yields this set of reactions, so 
that the method is highly specific for methionine. In reinves- 
tigating the question of the presence or absence of methionine in 
insulin we therefore decided to rely upon this latter method and, 
in doing so, to use sufficiently large quantities of insulin in order 
that the titration for homocysteine would be significant. 

Source of Insulin—The crystalline insulin used in the present 
investigation was crystallized by Scott’s procedure (5) and re- 
crystallized by the method of du Vigneaud, Jensen, and Winter- 
steiner (6). 

When Scott’s procedure was used, it was found best to allow 
the crystallizing mixtures to stand at room temperature for 2 days 
and then at 5° for a week. In the crystallization of large batches 
it was found advisable to use several small containers, such as 
250 or 500 cc. Erlenmeyer flasks, rather than fewer large ones. 
The importance of a relatively large glass surface was emphasized 
by Harington and Scott in their experiments with the saponin 
method for crystallizing insulin (7). We have found that an 
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additional yield of crystals of about 10 per cent may be obtained 
from the mother liquors of the first crop by adjusting the pH of the 
solutions to 5.7 and allowing them to remain in the refrigerator 
for several days. By this procedure, the total yield from a sample 
of Lilly’s insulin assaying 22 to 24 units per mg. was brought up to 
81 per cent. In another instance, a yield of 4.18 gm. of crystals 
was obtained from 5 gm. of Lilly’s beef insulin assaying 18 units 
per mg. when the crystallizing solutions were allowed to stand 
for several months. 

The recrystallization was conveniently carried out with 500 mg. 
portions of the crude crystals. The insulin was first dissolved 
in 10 ce. of 10 per cent acetic acid. 10 cc. of 13.5 per cent pyridine 
were then added with stirring and the precipitate which formed 
was centrifuged. The supernatant liquid was decanted into a 250 
ec. Erlenmeyer flask. The residue in the centrifuge tube was 
extracted with 10 cc. of the acetic acid and reprecipitated with 10 
ec. of the pyridine. The precipitate was centrifuged and the 
supernatant fluid combined with the first extract. This process 
was carried out five times in all. By this time most of the insulin 
had been extracted. The residue which remained resisted further 
extraction and could not be crystallized. 85 cc. of 0.8 per cent 
ammonia were added to the combined extracts. The amorphous 
material which gradually separated from solution after the addi- 
tion of the ammonia was converted completely into crystals when 
the solution was allowed to stand. For this reason, the centrifu- 
gation after addition of the ammonia as called for in the original 
directions was omitted. After the solution was left overnight at 
room temperature, it was transferred to the cold room at 5° for a 
period of a week. The crystals were then collected, washed first 
with water and then with acetone, and dried. The recovery from 
the crude crystals amounted to 76 to 80 per cent. 

This method of recrystallization is particularly advantageous 
because it makes possible the separation of a less pure fraction. 
We have found that different commercial samples of crystalline 
insulin contain varying amounts of this impurity upon recrystal- 
lization. 

Sulfur Content of Insulin—Before the question of the presence 
of methionine in insulin was attacked, it appeared desirable to 
settle first the question of the actual sulfur content of the insulin. 
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The value of 3.13 per cent sulfur reported by Kassell and Brand 
(2) is significantly lower than the figure of 3.34 per cent reported 
by Miller and du Vigneaud (1). We thought it would be of inter- 
est for both laboratories to analyze for sulfur the same sample of 
insulin. Accordingly, several gm. of recrystallized insulin, pre- 
pared as described above, were pulverized and exposed to a 
definite atmospheric humidity for about 3 days in order to allow 
the material to come to equilibrium with regard to moisture con- 
tent. The product was then sealed in several containers, one of 
which was forwarded to Kassell and Brand who kindly carried 
out analyses on this preparation. The sulfur values obtained by 
these investigators were 3.36 and 3.40 per cent, calculated on a 
moisture-free, ash-free basis. The average of these figures agreed 
with the value obtained by ourselves for the same material and 
checked our previously reported figure for insulin. We wish to 
emphasize that we have consistently obtained this value for the 
sulfur content of various samples of carefully recrystallized insulin 
when the moisture and ash contents have been taken into account. 

Tests for Sulfate in Crystalline Insulin—Kassell and Brand (2) 
indicated that 1 to 3 per cent of the sulfur of the commercial 
preparation of insulin which they used in their analyses occurred 
in -he form of sulfate. As a test for the presence of either organic 
or (norganic sulfate in our crystalline insulin preparations con- 
taining 3.34 per cent sulfur, 200 mg. samples of the material were 
subjected to the sulfate procedure of Kassell and Brand (8). 
Values of only 0.007 to 0.012 per cent sulfate sulfur were obtained. 
These amounts are too small to be considered to indicate the pres- 
ence of sulfate in the insulin molecule. 

Application of Baernstein Methods—The Baernstein method was 
applied as described by its author (3, 4), with the exception that 
in the case of the analyses of the digests, the entire solution, rather 
than an aliquot, was employed for the titrations. We have always 
used carefully redistilled HI in the Baernstein procedure. The 
need for this has been emphasized by Kassell and Brand (8) and 
by Kuhn et al. (9). By the volatile iodide procedure known 
weights of methionine were recovered to the extent of 92 per cent. 


1 We wish to thank Dr. Julian R. Rachele for carrying out the micro- 
analyses for sulfate sulfur. 
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This value agrees fairly well with the figure of 93.7 per cent re- 
covery reported by Kassell and Brand (8). 

Cystine was recovered to the extent of 97 per cent as cysteine 
after the digestion with HI. 1 per cent of the cystine was re- 
covered as H,S. Kassell and Brand obtained an average recovery 
of 97.8 per cent and found that 1 to 2 per cent of the sulfur of 
cystine was liberated as H,S. 

With regard to the determination of homocysteine thiolactone 
in the HI digests, our experience has been similar to that of Kassell 
and Brand in that we have not been able to obtain the quantitative 
recoveries reported by Baernstein. Under the conditions of the 
analysis, methionine was recovered to the extent of 83 per cent. 
Kassell and Brand have modified considerably this part of the 
Baernstein method. On the basis of the volatile iodide value of 
purified crystalline egg albumin, they recommend the application 
of a correction factor of 1.12 to the values which are obtained by 
the homocysteine titration. This would correspond to an 89 
per cent recovery. On employing the modified procedure, we 
obtained an 85 per cent recovery from a known weight of free 
methionine. 

The values which we have obtained for the blank corrections 
in the various steps have agreed in general with the values reported 
by Kassell and Brand. 

In applying the Baernstein methods to insulin, we felt that 
much larger samples must be used than the ones that were em- 
ployed by Kassell and Brand. We therefore used either 200 or 
500 mg. samples in the various experiments. The results obtained 
in a typical experiment are as follows: A 198 mg. sample of erystal- 
line insulin was used. The value for the volatile iodide was found 
to correspond to 0.67 per cent methionine in the insulin, thus 
confirming the data of Kassell and Brand as far as the volatile 
iodide was concerned. Values within the limits of 0.6 to 0.7 per 
cent volatile iodide calculated as methionine were obtained con- 
sistently with various batches of our crystalline insulin prepara- 
tions. The titration for cystine, corrected for H,S formation, was 
found to indicate the presence of 12.2 per cent of this amino acid 
in the insulin. When the test for homocysteine thiolactone in the 
digestion mixture was applied, however, a completely negative 
result was obtained. In control analyses, we found that we were 
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able to determine methionine either alone or added to insulin, 
both from the standpoint of volatile iodide and thiolactone. 

Since the method for analyzing the homocysteine thiolactone 
is much less sensitive than the volatile iodide measurement, the 
analyses were repeated with a 500 mg. sample of the crystalline 
insulin. A control consisting of 3.46 mg. of methionine and a 
blank determination were run simultaneously with the insulin. 
The digest of the insulin yielded practically the same titration 
as the blank and indicated only about 0.02 per cent methionine 
in the insulin. The methionine control was recovered as the 


. thiolactone to the extent of 83 per cent. 


In the above determinations, the final volume and camposition 
of the solutions which were titrated in the tetrathionate procedure 
differed in the case of the insulin on the one hand and the control 
and blank on the other hand because of the absence of cystine in 
the latter. The determination, therefore, was repeated again 
with a 500 mg. sample of crystalline insulin, but this time the 
control determination was made on 3.56 mg. of methionine to 
which was added a mixture of the known amino acid constituents 
of insulin in the proportion in which they occur in the protein and 
the blank determination was run on a similar mixture of amino 
acids without the methionine. Furthermore, the Kassell and 
Brand modification (8) of the Baernstein procedure was employed 
for these analyses. In the determinations of the homocysteine 
thiolactone, the methionine control gave an 85 per cent recovery. 
However, as in the previous determination, the digest of the in- 
sulin gave almost exactly the same titration as the blank and 
indicated only 0.02 per cent of methionine in the insulin. It 
may be seen, therefore, that these results substantiate those 
obtained by the original Baernstein procedure in indicating the 
absence of a significant amount of methionine in insulin. 

Effect of Preliminary Hydrolysis of Insulin with HCI on Volatile 
Iodide Obtained—We have noticed, as pointed out by Kassell and 
Brand (8) that far more H,S is liberated from insulin on digestion 
with HI than is formed from cystine under the same conditions. 
It occurred to us that the decomposition associated with the 
liberation of H.S might yield products which would react with HI 
to form volatile iodide. In order to eliminate this possibility it 
was thought advisable to hydrolyze the insulin with HCl before 
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the HI treatment was applied. This would convert the cystine 
from its unstable form in the protein molecule to the more stable 
form of the free amino acid. We also realized that the volatile 
jodide from intact insulin might be due to the presence of an ester 
grouping, or perhaps to traces of solvents used in the crystalliza- 
tion or other purification steps. Again, a preliminary hydrolysis 
of the insulin with HC! should result in a loss of these groups and 
thus a lower volatile iodide be brought about. 

For the acid hydrolysis, we selected conditions which we had 
previously shown to liberate cystine from insulin completely; 
namely, refluxing the insulin with HCl and formic acid. After the 
HCl and formic acid were removed from the hydrolysate, the 
hydrolyzed insulin was subjected to the Baernstein digestion 
procedure. 200 mg. of crystalline insulin were employed. A 
striking result was obtained with respect to the volatile iodide: 
it was found to be decreased to less than one-third the value given 
by the unhydrolyzed insulin. Only 0.2 per cent volatile iodide 
calculated as methionine was obtained. The same value was 
obtained when the insulin was hydrolyzed with 20 per cent HCl 
without the formic acid. Control experiments carried out with 
methionine revealed that the amount of volatile iodide liberated 
by methionine was not affected by preliminary treatment of the 
amino acid with HCl and formic acid. 

In order to ascertain whether the HCl hydrolysis had reduced 
the volatile iodide by actually removing certain potential volatile 
iodide groupings from the insulin, a stream of nitrogen was passed 
first over the hydrolyzing mixture, then through a digestion flask 
containing boiling HI, and finally through the regular train of 
absorption tubes of the Baernstein procedure. By this method, 
amounts of volatile iodide were obtained which corresponded to 
0.3 to 0.5 per cent methionine. As will be noted later, a similar 
result was obtained with amorphous insulin. These experiments 
show that the effect of the HCl hydrolysis was due in part at least 
to the actual removal of a substance or grouping which was capable 
of yielding volatile iodide with HI. The fact that amorphous 
insulin likewise gave this result would indicate that this source of 
volatile iodide was not introduced by the crystallization procedure. 

To test the effect of preliminary HCl hydrolysis on the deter- 
mination of methionine in another protein, wool was hydrolyzed 
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with HCl and formic acid and then subjected to the Baernstein 
procedure. As measured by either the volatile iodide or the 
homocysteine titration procedures, the methionine value of wool 
was not affected. A 1 gm. sample of wool on direct analysis 
yielded an amount of volatile iodide equivalent to 0.53 per cent 
methionine. The titration for homocysteine thiolactone revealed 
the presence of 0.39 per cent methionine. Another 1 gm. sample 
of the wool, after preliminary hydrolysis with HCI and formic acid, 
yielded volatile iodide corresponding to 0.50 per cent methionine 
and a homocysteine thiolactone titration which indicated 0.44 
per cent methionine. In our opinion, there is therefore no reason 
to suspect that the methyl group of methionine in peptide linkage 
is more labile to HCl treatment than that of free methionine. 

From these particular experiments we are forced to conclude 
that at least two-thirds of the volatile iodide liberated by insulin 
cannot possibly have its source in methionine. With regard to 
the residual volatile iodide shown by the insulin after HCl hydrol- 
ysis, we should like to point out that if it were due to methionine, 
the amount found would be equivalent to 0.5 molecule of the 
amino acid per molecule of insulin on the basis of the molecular 
weight of 35,100 (10). This finding, together with the absence 
of homocysteine thiolactone in the HI digests of the insulin, makes 
it seem far more likely that this residual volatile iodide does not 
indicate the presence of methionine but arises from some other 
source. 

Is the Volatile Iodide Obtained from Insulin in Baernstein’s 
Procedure Methyl Iodide?—In order to bring evidence to bear upon 
the question of whether or not the volatile iodide from insulin was 
methyl iodide, the method of Kiister and Maag (11) for differen- 
tiation between methyl iodide and ethyl iodide was employed. 
Crystalline insulin was digested with HI and the volatilized iodide 
was passed into an alcoholic solution of trimethylamine. If 
methyl iodide, such as would arise from methionine, were present, 
crystalline tetramethylammonium iodide should be precipitated. 
On the other hand, if ethyl iodide were present, the much more 
soluble trimethylethylammonium iodide should be formed and 
would not separate from solution. 500 mg. of insulin were used 
in the test. Alongside the insulin, a control consisting of 3.5 
mg. of methionine was carried through the same procedure. For 
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carrying out the tests, the regular Baernstein set-up was employed 
with the exception that the bromine-acetic acid absorption scrub- 
bers were replaced with scrubbers each containing 5 cc. of 3 per 
cent trimethylamine in absolute ethyl alcohol. A definitely 
positive test was obtained with the methionine but no sign of a 
precipitate was observed in the trimethylamine solution which 
absorbed the material volatilized from the insulin. Further 
experimentation with the sensitivity of this trimethylamine test 
under the conditions which we employed revealed that only a 
small portion, if any, of the volatile iodide of crystalline insulin 
could possibly be methyl iodide. 

Presence of Methionine in Amorphous Insulin—In contrast 
to the crystalline insulin, a highly purified amorphous preparation 
of beef insulin assaying 22 to 24 units per mg. revealed the presence 
of small amounts of methionine. The volatile iodide determina- 
tions indicated 1.0 to 1.2 per cent methionine and titrations for 
homocysteine thiolactone in the digests indicated 0.2 to 0.3 per 
cent of the amino acid. After preliminary hydrolysis with HCl, 
this insulin showed the same drop in volatile iodide as did the 
crystalline insulin. The potential volatile iodide set free during 
the HCl hydrolysis was measured by the procedure described 
above for the crystalline insulin and was found to amount to 0.7 
per cent in terms of methionine. The residue which resulted after 
evaporation of the HCl hydrolysate was digested with HI and 
found to yield 0.5 per cent volatile iodide calculated as methionine. 
A 500 mg. sample of the amorphous insulin treated with HI gave a 
weakly positive test for volatile methyl iodide by the method of 
Kiister and Maag. 

Freudenberg, Dirscherl, and Eyer (12) also have reported the 
presence of methionine in amorphous preparations of insulin and 
the absence of the amino acid in the crystalline hormone. As 
suggested by Freudenberg and his coworkers, the methionine in 
amorphous insulin is probably present in the form of methionine- 
containing protein impurities. 


SUMMARY 


When digested with HI according to the Baernstein procedure, 
crystalline insulin has been found to liberate 0.6 to 0.7 per cent 
volatile iodide calculated as methionine, thus confirming the 
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data of Kassell and Brand with respect to the volatile iodide. 
The HI digests of the crystalline insulin, however, were found to 
yield practically negative tests for homocysteine thiolactone, 
indicating that the volatile iodide which was obtained did not 
represent methionine but originated from some source in the 
insulin molecule other than methionine. 

Preliminary hydrolysis of insulin with HCl was found to bring 
about a two-thirds decrease in the volatile iodide liberated by the 
insulin on digestion with HI. Since there is no analogy for a 
decomposition of methionine by treatment with HCl] under such 
conditions, this result has been interpreted as further evidence 
that the volatile iodide does not have its origin in methionine. 

Finally, it has been shown that only a small portion, if any, of 
the volatile iodide liberated by crystalline insulin is methyl iodide. 

The consistently negative tests for homocysteine thiolactone, 
the loss of the potential alkyl iodide grouping on hydrolysis of the 
insulin with HCl, and the demonstration that little, if any, of the 
alkyl iodide was methyl iodide have led to the conclusion that 
methionine is absent in crystalline insulin. 
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EQUILIBRIA BETWEEN CALCIUM AND PURIFIED 
GLOBULINS 


By NANCY DRINKER, ARDA ALDEN GREEN,* anv A. BAIRD 
HASTINGS 


(From the Department of Biological Chemistry, and the Department of 
Pediatrics, Harvard Medical School, Boston) 


(Received for publication, October 4, 1939) 


It has been shown by McLean and Hastings, using the heart of 
the frog for the assay of Ca** concentration (1), that the equi- 
librium between the concentration of calcium ions and the con- 
centration of calcium bound by the total serum proteins can be 
satisfactorily expressed in terms of a mass law expression. 

[Ca**][Prot™] 
, ‘[CaProt]_ = K = 10°? (1) 


pKcaProt = —log K = 2.22 


The same equation and technique were also applied to the 
determination of the ionization constant (pKe,p,.¢) of total serum 
albumin and total serum globulin, yielding for the albumin frac- 
tion pK = 2.03 + 0.11, and for the whole globulin fraction, 
pK = 2.24 + 0.08. 

Weir and Hastings (2), using the solubility of CaCO, for the 
estimation of Ca** concentration, found for the pKggp,., of serum 
albumin 2.21; for that of total serum globulin, 2.36. 

It has been observed by Gutman and Gutman (3), from the 
study of sera containing abnormally large amounts of globulin, 
that euglobulin appears to bind considerably less calcium per gm. 
than does pseudoglobulin. For this reason, it seemed desirable 
to determine the ionization constant (pKeap,) of the several 
separate globulin fractions. 


* Supported in part by a grant from the Commonwealth Fund of New 
York. 
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Recent work has shown that the total globulin fraction of serum 
contains at least five individual proteins, which may be separated 
by precipitation in ammonium sulfate and isoelectric precipitation 
in very low salt concentrations. Four such globulin fractions, 
purified by repeated precipititation, were prepared from horse 
serum, and their pKg,p,,¢ has been determined by the procedure 


described by McLean and Hastings (1). 


EXPERIMENTAL 


The proportions of the globulin fractions studied here in normal 
horse serum are not known. However, preliminary estimates 
would indicate that their amounts are approximately as follows: 


Per cent total serum 


Protein protein 
SD Re eee ee én di tatbé<te> oe 

” . Se ee haa amenerearer +» Rea 5 

” ae SD wre oa 2 
Pseudoglobulin-y Tie kbeess adie vesieoee Mae 


For the purposes of the present study, pseudoglobulin may be 
defined as that portion of the globulin fraction which is not iso- 
electrically precipitable and is completely soluble upon dialysis 
and electrodialysis, after all the isoelectrically precipitable globu- 
lins have been removed by dilution and isoelectric precipitation. 
This pseudoglobulin portion, however, contains more than one 
protein and has been further purified by precipitation in am- 
monium sulfate at one-third saturation. This we have designated 
as pseudoglobulin-y. The pseudoglobulin prepared in this 
manner and used in these experiments appeared to be a chemical 
individual when studied in the Tiselius cataphoresis apparatus. 
Its migration velocity corresponded to that found by Tiselius 
for his fraction of plasma protein, designated, y-globulin. 

Globulin fractions P;, Py, Py: were prepared by isoelectric 
precipitation from normal horse serum, as reported by Green (4) 
except for the following modification. The fraction P; was 
isoelectrically precipitated at pH 5. It was redissolved in am- 
monium sulfate at pH 6 and the fraction precipitable between 37 
and 50 per cent saturation with ammonium sulfate was used here. 
All three fractions have been reproducibly characterized by their 
titration curves and their viscosities (5). The protein prepara- 
tions were freed from salts before being used. 
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The protein solutions were prepared by dissolving the proteins 
in isotonic Ringer’s solution as modified by McLean and Hastings 
(6) together with sufficient dilute NaOH to bring the final solution 
to pH 7.4, after saturation with 5 per cent CO, and 95 per cent Oz. 
Calcium chloride was added in known amounts to obtain ap- 
proximately the desired calcium ion concentration. The calcium 
ion concentration of the solutions (Ca**) was estimated by the 
frog heart method (6), several determinations usually being made 
on each solution. Total protein was determined by heat coagula- 
tion, the precipitate being collected in a sintered glass filter, 
washed salt-free, and dried to a constant weight at 100°. 

Concentrations of the divalent protein ions (total Prot™) were 
calculated from the formula 


Prot X total protein concentration 


Total Prot = 
otal Pro 9 





where fp,o¢ = milliequivalents of base bound per gm. of protein, 
at pH 7.4. The value of fp,.¢ for the fractions P;, Py, and Py, 
were estimated from the titration curves reported by Green (4); 
that for the pseudoglobulin fraction was estimated from as yet 
unpublished titration curves of this protein. Assuming the 
isoelectric point of pseudoglobulin to be pH 6.0, of P; to be pH 
5.0, of Py, to be pH 6.0, and of Py; to be pH 5.0, fp,.¢, the milli- 
equivalents of base bound per gm. of protein at pH = 7.40, is 
respectively 0.10 for pseudoglobulin, 0.22 for P;, 0.11 for Py, and 
0.29 for Py. The terms (Prot~) and (CaProt) of Equation 1 were 
accordingly estimated as follows: (CaProt) = (total Ca) — 
(Ca**); (Prot™) = (total Prot™) — (CaProt). 

All the data have been calculated in terms of units per kilo of 
water (1). From these data, the values of pKegp,o¢ in our experi- 
ments have been calculated. 


Results and Comment 


The results of the determinations of the ionization constants 
expressed as PK oaprot for pseudoglobulin-y, P;, Pr, and Pin are 
presented in Tables I to III. The constancy of the values of 
PK caprot for any one protein, over the range of protein and calcium 
concentrations studied, indicates the validity of Equation 1 as a 
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quantitative description of the equilibrium between these proteins 
and calcium. 

As predicted from the results of Gutman and Gutman, it will 
be seen that the calcium-combining powers of the different 


TABLE | 
Pseudoglobulin-y (Normal Horse Serum) 
Temperature 25°; pH = 7.40; fprot = 0.10. 
































| | _ | 
Experiment) 41,0 protal | Total Prot) Total Ca | as | PK caProt 
1 967.4 38.10 1.98 2.07 | 1.14 2.89 
2 967.4 38.10 1.98 2.07 | 1.04 3.03 
3 967.4 | 38.10 1.98 2.07 | 1.04 3.03 
4 967.4 38.10 1.98 2.07 | 1.14 2.89 
} 
6 967.4 38.10 1.98 2.59 1.40 3.03 
7 967.4 38.10 1.98 | 2.59 1.40 3.03 
8 967.4 38.10 1.98 2.59 1.35 3.09 
9 967.4 38.10 1.98 | 2.59 1.50 2.91 
10 967.4 38.10 1.98 | 2.59 1.55 2.85 
11 974.5 28.58 1.47 2.05 1.13 3.17 
12 974.5 28.58 1.47 2.05 1.23 3.01 
13 974.5 28.58 1.47 2.05 1.34 2.84 
15 974.5 28.58 1.47 3.08 2.05 3.06 
16 974.5 28.58 1.47 2.56 1.59 3.09 
18 981.7 19.05 0.99 | 2.04 | 1.43 3.05 
19 981.7 19.05 0.99 | 2.04 1.53 2.84 
20 981.7 19.05 0.99 2.04 1.48 2.94 
23 981.7 19.05 0.99 2.55 2.83 3.16 
25 988.9 9.53 0.49 2.03 1.72 3.00 
26 988.9 9.53 0.49 2.03 1.72 3.00 
Ne de. cme cebbeschercacved i 2.96 
Ee oe eee ckwiediuacdes ere +0.13 








globulins used here differ greatly. The mean values of PK caprot 
have been collected in Table IV, together with the estimated 
amounts of calcium combined per gm. of each protein, when the 
calcium ion concentration equals 1.0 mm per liter. It may be 
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concluded from these results that changes in the proportion of 
different globulin fractions would lead to the binding of different 
amounts of calcium by the globulin fraction as a whole. This 


TaBLe II 
Euglobulin P; (Normal Horse Serum) 
Temperature 25°; pH = 7.40; fprot = 0.22. 






































Experiment| | Total - a 
No. H:0 protein | Tetel Prot Total Ca observed PK oaprot 
2 Sa a eS ee a ee eS ae et 
gm. perl. | om.pert. | MPS | BMPS | BeOS 

1 981.2 | 19.30 | 2.17 | 2.55 1.58 2.71 

2 981.2 | 19.30 | 2.17 | 2.55 1.53 2.76 

3 981.2 | 19.30 | 2.17 | 2.55 1.53 | 2.76 

4 981.2 | 19.30 2.17 2.55 1.53 2.76 

| | 

5 981.2 | 19.30 | 2.17 | 2.04 1.23 2.69 

6 | 981.2 | 19.30 2.17 | 2.04 | 1.38 2.50 

7 | 981.2 19.30 2.17 | 2.04 | 1.02 2.94 

8 | 981.2 19.30 2.17 | 2.04 | 1.28 2.62 

9 | 985.1 | 14.50 | 1.62 | 2.03 | 1.53 | 2.57 

10 | «(985.1 14.50 1.62 2.03 | 1.53 2.57 

11 | «(985.1 14.50 1.62 | 2.03 | 1.58 2.39 

12 985.1 14.50 1.62 2.03 | 1.42 2.63 

13 985.1 14.50 1.62 | 2.54 | 1.78 2.76 

14 988.8 9.65 1.06 | 2.02 1.52 2.77 

15 988.8 | 9.65 1.066 | 2.02 1.47 2.87 

16 988.8 9.65 1.06 | 2.02 1.52 2.77 

17 988.8 9.65 1.06 | 2.02 1.52 2.77 

18 988.8 9.65 1.06 2.02 | 1.87 2.67 

19 992.4 4.83 0.53 2.02 1.82 2.52 

20 992.4 4.83 0.53 2.02 1.72 2.88 

21 992.4 9.65 1.06 1.52 1.16 2.65 

22 992.4 4.83 0.53 1.51 1.26 2.85 

A, 0. swebhvcrenkegeeeuatey ens aesshwacnelll 2.70 

Mek vbad awe éscuswidects dctiicnetted en Cone +0.14 











would assume special significance in cases of hyperglobulinemia, 
in which the euglobulin fraction Pj; was increased and in which 
the calcium combined per gm. of protein would be correspondingly 
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reduced. Under ordinary circumstances, however, the fraction 
Py, comprises only a small proportion of the total plasma proteins 


TABLE III 
Euglobulin Py; and Py; (Normal Horse Serum) 


“| H:O ha Total Prot~ Total Ca Aa PK OaProt 

Py (temperature 25°; pH = 7.40; fprot = 0.11) 
om. pert. | gm. perl. | pope keg. Heo ko HO 

] 961.4 38.2 2.19 2.04 1.67 2.09 

2 961.4 38.2 2.19 2.04 1.67 2.09 

3 961.4 38.2 2.19 2.04 1.77 1.90 

4 961.4 38.2 2.19 2.04 1.67 2.09 

5 961.4 38.2 2.19 2.60 2.19 2.02 

6 961.4 38.2 2.19 2.60 2.24 1.94 

7 961.4 38.2 2.19 2.60 2.29 | 1.86 

Mean pKCapProt 2.00 

8.D. +0.10 
Py (temperature 25°; pH = 7.40; fprot = 0.29) 

1 979.8 13.6 2.01 2.02 1.02 2.99 

2 979.8 13.6 2.01 2.02 0.82 3.26 

3 979.8 13.6 2.01 2.02 0.82 3.26 

4 979.8 13.6 2.01 2.02 0.82 3.26 

5 979.8 13.6 2.01 2.02 0.82 3.26 

6 | 979.8 13.6 2.01 2.56 1.33 3.07 

s | 982.4 10.2 ; 2.02 1.22 3.07 

9 982.4 10.2 1.51 | 2.02 1.02 3.28 

10 984.9 6.80 1.00 2.02 1.42 3.02 

11 | (987.4 3.40 0.50 2.01. | 1.72 2.90 

Mean pKCaProt-. - . | 3.18 

S.D... | +0.14 


and, therefore, exerts little influence on the value of pKeap,.¢ for 
total serum proteins. 

In view of the fact that at least one known globulin has not been 
studied in the present investigation, and the proportion of the 
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different globulins in serum is still not accurately known, it would 
be without significance to attempt to compare the previously 
reported values of pKegp,o¢ for serum globulins taken as a whole 
with those herein reported for individual globulin fractions. 


TaBie IV 
Comparison of Calcium Bound by Different Proteins 
Protein PK Gaprot CaProt*® 
mM per gm, 
Pseudoglobulin-y 2.96 0.024 
Euglobulin Py............ 2.70 0.037 
“Py... 2.00 | 0.005 
” Pyur.... 3.13 0.086 


* Calculated for the condition [Ca**] = 1 mm per kilo of H,O. 


SUMMARY 


The combination between calcium and four serum globulin 
fractions has been studied, the frog heart technique being used for 
the estimation of calcium ion concentration. 

The law of mass action has been found to be applicable to the 
ionization of these calcium protein salts, and their ionization 
constants, pKeaprot, have been determined. 

The significance of the variation in pKeap,,, for plasma with 
varying proportions of the different globulin fractions has been 
considered. 
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OXIDATION-REDUCTION POTENTIALS OF THE METHE- 
MOGLOBIN-HEMOGLOBIN SYSTEM* 


By JOHN FULLER TAYLOR anv A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston) 


(Received for publication, October 4, 1939) 


The theoretical principles relating oxidation-reduction poten- 
tials to the structure of metalloporphyrin systems have been de- 
veloped and applied by Clark and his associates (8, 10). Barron 
(4) has recently reported an extensive study of the oxidation- 
reduction potentials of hemin and some hemochromogen systems. 
The present communication is a contribution to the quantitative 
characterization of the naturally occurring heme-containing sys- 
tem, methemoglobin-hemoglobin, with respect to potential and 
pH. Pauling and Coryell (27) call these compounds ferrihemo- 
globin and ferrohemoglobin, respectively. 

Conant (12) initially measured electrode potentials exhibited 
by this system, and later extended the observations (13, 15). 
Havemann and Wolff (22) have made a study of the relation of 
potential to pH. These results are presented for comparison in 
Fig. 1. 

Barnard (3) has also studied the effect of pH upon potential, 
reporting AE/ApH values of —0.062 and —0.069. Saito (29) 
has reported a few titration curves, but concluded that the system 
is not reversible. Schmidt (30) has reported an exceptionally 
high value for Ej at pH 7 (Ej = +0.220 volt), obtained by an 
indirect equilibration method. The spread between this and the 
lowest value at the same pH is 0.110 volt. 

Conant and Scott (16), using a spectrophotometric method, 


* A preliminary report of this work was presented before the Sixteenth 
International Physiological Congress at Zurich, August 19, 1938 (Kon- 
gressbericht II, p. 247 (1938)). 

t National Research Council Fellow in Medicine, 1937-39. 
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have obtained +0.150 volt at pH 6.9, with which the later po- 
tentiometric measurement of Conant and Pappenheimer (15) 
agrees (Ej = +0.152 volt at pH 7). Our results at this pH are 
only slightly lower. 

In addition to the uncertainties in the reported oxidation-re- 
duction potentials at pH 7, other questions remain unsettled, 
particularly (1) the variation of the oxidation-reduction potentials 
over an extended pH range, and (2) the determination of the value 
of n in the electrode equation. The present paper is chiefly con- 
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Fig. 1. Oxidation-reduction potentials of equimolar mixtures of met 
hemoglobin and hemoglobin, at different pH values, as reported in the 
literature. @ Conant (12), + Conant and Fieser (13), O Conant and 
Pappenheimer (15), all on horse hemoglobin at about 25°. O Havemann 

and Wolff (22), on beef hemoglobin at 38°. 








cerned with establishing more completely the data bearing on 
these points. 

l'se of Electromotively Active Mediators—All investigators work- 
ing with the hemoglobin system have experienced difficulty in 
obtaining stable potentials within a reasonable length of time, 
owing to the sluggishness with which the electrode comes into 
equilibrium with the system. Whether equilibrium is established 
even after 2 or 3 hours waiting may be open to question. The 
long periods necessary to obtain constant readings may be con- 
ducive to decomposition and prevent the obtaining of a sufficiently 
large number of points on a titration curve to permit its accurate 
characterization. The reproducibility of measurements and even 
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the agreement between duplicate electrodes in the same solution 
have been far from satisfactory. 

It has proved possible to obviate these difficulties by adding to 
the hemoglobin system a small quantity of a reversible oxidation- 
reduction dye system that readily comes into equilibrium with a 
platinum electrode, and that is only partially reduced at the 
equilibrium potential of the methemoglobin-hemoglobin system. 
Such electromotively active mediators had previously been used 
in measuring the potentials of such systems as the succinate- 
fumarate system (24, 6), the lactate-pyruvate system (32, 5), 
and ascorbic acid (2). 

We have found that the use of a suitable mediator permits the 
rapid attainment of equilibrium at a platinum electrode, and that 
the potentials so established are characteristic of the methemo- 
globin-hemoglobin system. 


EXPERIMENTAL 


Crystalline oxyhemoglobin of the horse was prepared according 
to the procedure of Green (18, 19), modified, in most instances, 
by incorporating with it certain features of the method of Heidel- 
berger (23). The method found most satisfactory follows: horse 
erythrocytes, obtained from the Massachusetts Antitoxin and 
Vaccine Laboratories, were washed three times in the centrifuge 
with 1.5 per cent NaCl. Toluene was then added to equal 25 
per cent of the cell volume, and the cells were emulsified with it. 
The next morning, water equal in volume to that of the toluene 
was added, and the mixture reshaken and separated by cen- 
trifugation. The toluene-stroma layer was removed. To the 
residue was added 0.1 N HCl, carefully, with stirring, until micro- 
scopic examination indicated the formation of rhombic crystals 
of oxyhemoglobin (19). This gave good yields, but in the later 
work, the pH was checked and brought to 6.6 with the glass 
electrode. The oxyhemoglobin was recrystallized by solution in 
1.0 n NaOH and precipitation by the same method with 0.1 N 
HCl; it was washed several times with cold distilled water and 
preserved in the refrigerator. All manipulations were carried out 
in a cold room at +6°. 

For a single series of experiments, twice recrystallized oxyhemo- 
globin was first prepared entirely by the method of Green. This 
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was converted to crystalline methemoglobin, according to Levy 
(25), by oxidation with K;Fe(CN).s. The crystallization of the 
methemoglobin was extremely slow. The crystalline paste was 
washed thrice with cold distilled water, transferred to large bottles, 
and frozen by solid CO... Water was removed rapidly by a 
vacuum drying apparatus! of large capacity. The resulting pow- 
der was preserved dry. 

The crystalline oxyhemoglobin gave clear solutions at all times. 
Since the dried methemoglobin did not dissolve completely, the 
slight sediment was removed by filtration. Both preparations 
appeared to give identical results. 

Hemoglobin concentrations were determined by the Van Slyke 
oxygen capacity method from time to time. 

Buffers of the acetate and phosphate series, of ionic strength 
0.2, were prepared from the tables of Green (20). The ionic 
strength of the borate buffers varied from 0.11 to 0.17 (twice the 
concentrations given by Clark (7)). Changes in ionic strength in 
our experiments have not been sufficiently great to cause signifi- 
cant variation in the potentials of the hemoglobin system. A 
study of the effect of ionic strength over an extended range has 
not been made. The pH values of all buffers used were measured 
with a Clark hydrogen electrode at 30°. Corrections were made 
for the effect on pH of adding isoelectric oxyhemoglobin to the 
buffer solutions, the buffer indices of the buffers and the titration 
data on hemoglobin of Hastings et al. (21) and Cohn et al. (11) 
being used. 

All the electrode potentials have been referred to the normal 
hydrogen electrode, after the conventions of Clark (7). (This 
corresponds to assigning the value 4.62 to the pH of standard 
acetate, at 30°.) The potentials at liquid junctions between 
buffer and saturated KCl are assumed to be small, constant, and 
included in the system of standardization. A Leeds and North- 
rup type K potentiometer was used in connection with a box type 
galvanometer, sensitive to 0.1 millivolt. All measurements were 
made in a carefully stirred, well insulated air bath, automatically 
maintained at 30° + 0.1°. The nitrogen was purified by passing 
it through a Pyrex tube, 90 em. long and 2 em. in diameter, con- 


1 We are indebted to Dr. John W. Mehl of the Department of Physical 
Chemistry, Harvard Medical School, for assistance in this operation. 
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taining finely chopped copper wire of high purity, electrically 
heated to about 400°. 

The apparatus for the potential measurements embodied but 
one change from the standard design of Clark (7). It was found 
that stirring the hemoglobin solution by the passage of a current 
































Fig. 2. Oxidation-reduction half-cell, showing magnetic stirrer. / 
bearing, 2 permalloy magnet, sealed within glass stirring paddle, 3 alnico 
magnet, 4 platinum electrode (two such electrodes were used), 5 burette, 
6 gas outlet, to vacuum (gas inlet not shown), 7 saturated KCl bridge to 
saturated KCl-calomel half-cell, 8 supporting bar. 


of nitrogen invariably produced a copious precipitate of denatured 
protein. A trace of octyl alcohol prevented foaming, but did not 
prevent the formation of the precipitate. 

In order to remove oxygen from the cell by repeated evacuation 
and refilling with purified nitrogen, and at the same time to permit 
stirring without precipitation of the protein, the magnetically 
driven, hermetically sealed stirrer, shown in Fig. 2, was devised. 


ES pre ee ae ae 


lh le 6 


aS eS i SE hE RD nt 











654 Methemoglobin-Hemoglobin System 


A small permalloy magnet was sealed within the glass stirring pad- 
dle. This was caused to rotate by the action of a powerful 
alnico horseshoe magnet beneath the vessel. This permitted the 
bearing of the stirrer to be tightly sealed. With this apparatus, 
with nitrogen passing above the surface of the solution, no de- 
tectable precipitate was observed even after 4 hours. 

For some experiments, approximately 7 gm. of moist oxyhemo- 
globin crystals were dissolved in 100 ml. of buffer. 50 ml. of the 
solution were transferred to the cell, liquid junction previously 
having been made with the buffer alone. A weighed amount of 
K;Fe(CN)., just sufficient to convert the oxyhemoglobin to 
methemoglobin, was added. For other experiments, 3 gm. of 
methemoglobin powder were dissolved in 100 ml. of the buffer, 
filtered, and 50 ml. placed in the cell. Freshly prepared mediator 
solution, or a weighed amount of the solid dye, was added when 
desired. The system was then alternately evacuated and refilled 
with nitrogen five or six times. The titration was carried out in 
the atmosphere of nitrogen with continuous stirring. 

Most of the titrations consisted of progressive reduction of the 
methemoglobin solution prepared as just described. Reduced 
phthiocol (1, 31), or reduced anthraquinone -sulfonate (14), was 
used, reduced with hydrogen and Paal’s palladium, and stored 
under nitrogen. Na,S,O, was not satisfactory as a reductant. 
In some instances, reduction was followed by back titration with 
K3Fe(CN)g. 

The dyestuffs, used as mediators, were commercial products 
except in one instance.? A few titrations of the dyes were per- 
formed, indicating Ej values agreeing with those reported in the 
literature. The mediators were selected on the basis of close 
correspondence between their Ej and that of the hemoglobin 
system, at the pH of the experiment. 


Results 


Effect of Mediators—The degree to which the presence of a 
mediator hastens the attainment of equilibrium is illustrated in 
Fig. 3. m-Toluylenediamine indophenol was used as mediator 


? Dr. Barnett Cohen, of the Department of Physiological Chemistry, 
the Johns Hopkins University School of Medicine, furnished the sample of 
m-toluylenediamine indophenol used throughout. 
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in the methemoglobin-hemoglobin system, buffered at pH 6. 
A potential of +0.1707 volt was reached within 15 minutes in the 
presence of the mediator, and remained constant for an hour. In 
the absence of the mediator, the potential was still decreasing 
slowly after 2 hours, being at that time 0.010 volt positive to the 
value attained when the mediator was present. If less dye had 
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Fic. 3. The effect of a mediator in hastening the attainment of electrode 
equilibrium by a mixture of methemoglobin and hemoglobin. Total 
hemoglobin 1.95 X 10~* mM, added to phosphate buffer, pH 5.98, « = 0.20, 
it = 30°. Mediator, 3.5 X 10-° m m-toluylenediamine indophenol. The 
solid line represents mediator present; the dash line mediator absent; A 
designates potential after 2 hours. 


been used, the final potential would have been as stable, but would 
have been attained a little more slowly. 

The potential attained is not only steady; it is the true equili- 
brium value, when correction is made for the slight shift in ratio 
of oxidant to reductant produced by the addition of mediator. 
Curves of three experiments illustrating this point are presented 
in Fig. 4. They show the equilibrium potential reached when 
the same methemoglobin-hemoglobin mixture was added to a 
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buffer at pH 5.67, containing (a) oxidized mediator, (b) reduced 
mediator, and (c) partially reduced mediator. The difference 
between the upper curve (with oxidized mediator) and the lower 
curve (with reduced mediator) was 0.005 volt. The experiment 
with the partially reduced mediator quickly reached an equilibrium 
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Fia. 4. The effect of a mediator in hastening the attainment of electrode 
equilibrium, from either direction, by a mixture of methemoglobin and 
hemoglobin. (See the text for description of the experiment.) Total 
hemoglobin 2.1 X 10-* m, added to phosphate buffer, pH 5.67, u = 0.20, 
t = 30°. Mediator, 8.77 X 10-* m m-toluylenediamine indophenol. Curve 
A, oxidized mediator present ; Curve B, reduced mediator present; Curve C, 
mixture of oxidized and reduced mediator present. 

Fig. 5. Potential plotted against per cent reduction. O reduction of 
methemoglobin with reduced anthraquinone §-sulfonate; @ oxidation of 
reduced hemoglobin with K;Fe(CN)s. Hemoglobin 1.05 X 10-* m, in 
phosphate buffer, pH 6.34 (corrected), « = 0.20, ¢ = 30°. Mediator, 
6.0 X 10-5 m m-toluylenediamine indophenol. 


potential midway between the two others. The differences be- 
tween the equilibrium potentials of these experiments are ac- 
counted for by the extent to which the ratio of methemoglobin to 
hemoglobin was altered by the addition of the oxidized or reduced 
dye. 
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It may be concluded, therefore, that the use of a relatively small 
concentration of a reversible mediator accelerates the attainment 
of electrode equilibrium by the methemoglobin-hemoglobin sys- 
tem without introducing an error in the measurement of the 
potential. 

Titration Curves of Hemoglobin—Complete titration curves, 
determined by approximately fifteen points each, have been car- 
ried out on thirty hemoglobin and methemoglobin solutions cover- 
ing the pH range from 5.08 to 9.18. Methylene blue, toluylene 
blue, 1-naphthol 2-sulfonate indophenol, o-chlorocresol indophenol, 
and m-toluylenediamine indophenol have been used as mediators. 
The last dye has been employed over the entire pH range investi- 
gated. 

An example of the reduction of methemoglobin by reduced 
anthraquinone 6-sulfonate and the oxidation of hemoglobin by 
K;Fe(CN). at pH 6.36 is given in Fig. 5. The coincidence of the 
two curves provides further evidence that the oxidation-reduction 
system is reversible. 

Fig. 5 includes theoretical titration curves calculated for the 
participation of 1 and of 2 equivalents in the oxidation-reduction 
reaction; 7.e.,n = 1, or n = 2 in the electrode equation. The 
experimental points lie between these two curves, and the slope 
of the experimental titration curve seems to vary progressively 
from n = 2 toward n = 1 as methemoglobin is reduced to hemo- 
globin. 

This behavior introduces difficulties in estimating the end-points 
and mid-points of the titration curves, and precludes the use of 
the objective methods found useful in dealing with dyes (28). 
Therefore, the mid-point potentials, when the concentrations of 
oxidant and reductant are equal, have been estimated graphically. 
These are designated E,,. The values of Ej, are subject to an 
inaccuracy of +0.001 volt owing to slight uncertainties in the 
position of the end-points of the titration curves. 

Relation of Ej, to pH—The values of Ej, have been plotted 
against pH in Fig. 6. Between pH 5 and 6, the values of Ey, 
seem to be independent of pH change. Between pH 7.5 and 9, 
the points lie on a straight line that has a slope of —0.06 volt per 
pH unit. Between pH 6 and 7.5, the data seem to indicate that 
the slope of the line through the points undergoes a progressive 
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change. The intersection of the two straight lines, extended, 
occurs at pH 6.65. The solid line of Fig. 6 represents the equation 


__[8*] 

K + [H*] 

where E,, = +0.168 volt, K = 2.24 X 10-’, and pK = 6.65. 
20 T rx T | T T T T 


E,, = En + 0.0601 log (1) 
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Fig. 6. Oxidation-reduction potentials of equimolar mixtures of met- 
hemoglobin and hemoglobin, Z,., at different pH values. O experimental 
data; the solid line, calculated from Equation 1, with the constants given 
in the text. The dotted lines indicate extrapolations of limiting slopes 
of the solid line. 





The value at pH 7.0 at 30° is +0.139 volt, which is slightly less 
than the value of +0.152 volt at 25° for horse hemoglobin reported 
by Conant and Pappenheimer (15), and higher than the value of 
+0.100 volt at 38° for beef hemoglobin reported by Havemann 
and Wolff (22). Our curve of FE, versus pH has the same shape 
as that reported by Havemann and Wolff, but the constants 
E,, and K have different values. How much of these differences 
is referable to species and temperature differences is not now clear. 
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TABLE I 
Methemoglobin-Hemoglobin, Relation of E'm to pH at 30° 
Tonic | PH En Ee fender 
Buffer ay chanrved calculated Difference | Mediator 
volt volt volt 
Acetate | 0.20 | 5.08 | +0.1647 | +0.1674 | —0.0027 | 1 
«“ 0.20 | 5.08 0.1673 0.1674 | —0.0001 | 1 
“ 0.20 | 5.46 0.1657 0.1664 | —0.0007 | 1 
“ 0.20 | 5.80 0.1738 0.1646 | +0.0092 | 1 
“ 0.20 | 5.85 0.1679 0.1642 | +0.0037 | 1 
“ 0.20 | 5.91 0.1749 0.1636 | +0.0113 | 1 
Phosphate | ae 6.04 0.1681 0.1623 | +0.0058 | 1 
«“ 0.20 | 6.06! 0.1671 0.1620 | +0.0051 | 2 + 3t 
“ 0.20 | 6.12 0.1664 0.1612 | +0.0052 | 2 + 3t 
«“ 0.20 | 6.12 0.1661 0.1612 | +0.0049 | 1 
“ 0.20 | 6.18 0.1616 0.1604 | +0.0012 | 1 
“ 0.20 | 6.22 0.1684 0.1594 | +0.0090 | 4t 
“ 0.20 | 6.22 0.1654 0.1594 | +0.0060 | 4t 
“ 0.20 | 6.36 0.1615 0.1572 | +0.0043 | 1 
“ 0.20 | 6.36 0.1615 0.1572 | +0.0043 | 1 
“ 0.20 | 6.38 0.1654 0.1570 | +0.0084 | 4 
“ 0.20 | 6.76 0.1513 0.1464 | +0.0049 | 1 
“ 0.20 | 6.76 0.1507 0.1464 | +0.0043 | 1 
«“ 0.20 | 6.76 0.1498 0.1464 | +0.0034 | 1 
“ 0.20 | 7.48 0.1150 0.1145 | +0.0005 | 2 + 3t 
Borate | 0.112 7.56 0.1126 0.1097 | +0.0029 | 4t 
“ 0.112 | 7.63 0.1009 0.1064 | —0.0055 | 1 
“ 0.112 | 7.67 0.0948 0.1043 | —0.0095 | 4t 
“ 0.124 | 8.50 0.0554 0.0564 | —0.0010 | If 
“ | 0.143 8.64 0.0517 0.0481 | +0.0036 | 4t 
“ 0.143 | 8.72 0.0444 0.0434 | +0.0010 | 3 + 4t 
“ 0.143 | 8.74} 0.0444 | 0.0422 | +0.0022 | 5t 
“ 0.148 8.75 0.0417 0.0416 | +0.0001 | 1 
“ 0.164 | 9.18 0.0202 0.0159 | +0.0043 | 1 




















* 1, m-toluylenediamine indophenol; 2, 1-naphthol 2-sulfonate indo- 
phenol ; 3, o-chlorocresol indophenol ; 4, toluylene blue; 5, methylene blue. 
t Experiments made with use of bubbling nitrogen, before develop- 


ment of the magnetic stirring apparatus. 


Table I presents the values of EZ, found in our experiments and 
the values of Z,, calculated from Equation 1, together with the 
differences between them. 
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Titrations carried out on solutions that varied in total hemo- 
globin concentration from 0.0002 to 0.002 m have shown that 
neither the value of ZY, nor the shape of the titration curve changes 
appreciably with the concentration. The shape of the curve is 
also essentially the same at different pH values. 


DISCUSSION 


The results given above present two aspects of the behavior of 
hemoglobin upon oxidation to methemoglobin that are worthy of 
special note. The first of these is the asymmetry of the individual 
titration curves with respect to the mid-point potential EF/; 
i.e., the slope of the titration curve appears to change progressively 
during oxidation from that corresponding to n = 1 toward that 
for n = 2. This observation is not consistent with the simplest 
reaction for oxidation of hemoglobin: 


Hemoglobin (Fe**) — e = methemoglobin (Fe***) (2) 
which leads to the electrode equation 


[methemoglobin (Fe***)] 


~ [hemoglobin (Fe**)] (3) 


E, = E + 0.0601 log 


at constant pH and 30°. 

No theory of the oxidation of hemoglobin has been devised 
which accounts satisfactorily for this unexpected behavior. 

The question whether the reaction 


[Hemoglobin (Fe**)], — 2e — 2 methemoglobin (Fe***) (4) 


which would lead to an asymmetry such as we have observed, 
would explain our results was put to experimental test. This 
reaction predicts that the potential, at constant pH, should vary 
with the concentration of total hemoglobin in the solution as well 
as with the ratio of methemoglobin to reduced hemoglobin. 
Experimentally this was found not to be true; 7.e., varying the 
total hemoglobin concentration 10-fold altered the potential by 
about 0.005 volt, which is significantly below the predicted value 
of 0.030 volt, thereby eliminating Reaction 4 as a valid explanation 
of our results. 

In agreement with Conant and Pappenheimer (15), it may be 
said that a mean value of n, not an integer, and having a magni- 
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tude of approximately 1.5, may be empirically applied to the 
description of our titration curves from perhaps 40 to 60 per cent 
reduction. Coryell (17) has applied the Pauling equation for the 
oxygenation of hemoglobin (26) to the oxidation of hemoglobin 
to methemoglobin, and has shown that interaction among the 
four heme groups will account for the occurrence of an n which is 
not integral, and which may have a value between 1 and 4. This 
mathematical analysis, however, has not yet been found to be 
adequate to describe the asymmetry of our data. 

The second point of particular significance in our data is the 
change in the slope of the Z,,-pH curve from a value of —0.06 
volt per pH unit in alkaline solution to a value of 0.0 in acid solu- 
tion. The data may be interpreted to indicate that upon the 
oxidation of hemoglobin to methemoglobin, for each electron trans- 
ferred there appears a univalent cation corresponding to an ap- 
parent acidic dissociation constant (K) of 2.2 X 10-7 (pK = 6.65). 
Such a reaction, where 1 electron is transferred and one positive 
charge is created in the oxidant, was described as a theoretical 
possibility by Clark and Cohen (9), under Group B, Class 1, of the 
types of oxidation-reduction reactions. 

It may be emphasized that our individual titration curves in- 
dicate an apparent electron transfer of between 1 and 2 electrons, 
and that our data describing the change of mid-point potential 
with pH indicate the transfer of one proton for each electron 
involved. 


SUMMARY 


1. The oxidation-reduction potentials of the horse methemo- 
globin-hemoglobin system have been studied from pH 5 to 9. 

2. The use of a small amount of an electromotively active dye 
system as mediator has permitted the accurate and relatively 
rapid characterization of the titration curves. 

3. The titration curve at constant pH is not symmetrical, the 
number of electrons involved apparently varying from 1 toward 
2 as oxidation progresses. 

4. The variation of the mid-point potential with pH indicates 
the presence in methemoglobin of a group whose apparent pK 
is 6.65. 

5. At pH 7, the potential of an equimolar mixture of horse 
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methemoglobin and hemoglobin has been found to be +0.139 
volt at 30°. 
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LIPOID-THIOCYANATE IN SERUM 


By JACK D. ROSENBAUM* anv PAUL H. LAVIETES 
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When patients with transudates into the serous cavities are 
given thiocyanate, the concentration of thiocyanate in the transu- 
dates never reaches that in the serum (5). A portion of the thio- 
cyanate of the serum is restrained from diffusing through the 
capillaries in vivo, or through cellophane membranes in vitro. 
The present work demonstrates that this restraint is imposed by a 
lipoid-thiocyanate complex. The amount of thiocyanate so bound 
is large enough to permit some investigation into the nature of the 
combination, which is of special interest because of the evidence 
presented by Peters and Man (10) that a lipoid-chlorine complex 
may exist in native serum. 

The possibility that thiocyanate in serum is combined with lipoid 
has been suggested by Lustig and Botstiber (6), but on the basis 
of very indirect and unconvincing evidence. Chlorides, bromides, 
and iodides have been demonstrated in large amounts in lipoid 
extracts of tissues (8, 9). 


Methods 


Inasmuch as the experiments performed varied considerably 
in type, only such methods as were employed in several groups of 
experiments will be described in his section. Additional tech- 
niques will be described together with the procedure of the par- 
ticular group of experiments in which they were used. 

Thiocyanate—Proteins were precipitated from duplicate 2 cc. 
samples of serum by the addition of 2 cc. of 20 per cent trichloro- 


* This article represents in part work done in fulfilment of the thesis 
requirement for the degree of Doctor of Medicine at Yale University 
School of Medicine. 
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acetic acid. To 2 cc. of the filtrate an equal volume of ferric ni- 
trate reagent (50 gm. of Fe(NO;)3-9H2O and 25 ec. of HNO; in a 
liter of water) was added. After 5 minutes were allowed for full 
development of color, the solution was compared with a freshly 
prepared standard of thiocyanate solution plus color reagent, with 
a Klett biocolorimeter. In analyses of protein-free ultrafiltrates 
the ferric nitrate reagent was added directly, since it was found 
that the omission of trichloroacetic acid from the standard solu- 
tions did not affect the intensity of the color developed. Analyses 
of sera containing known amounts of added sodium thiocyanate 
showed that the error of the method was never more than +3 
per cent and rarely exceeded +1 per cent, provided the concentra- 
tion of thiocyanate was 0.5 milliequivalent per liter or more. The 
addition of KCN, which was used as a preservative in some of the 
experiments, had no influence on the determination of SCN. 

Water Content—Water content was taken as the loss of weight 
of an aliquot dried to constant weight at 95°. In some instances 
this determination was omitted and water content was calculated 
from protein concentration by the formula of Eisenman, Mac- 
kenzie, and Peters (3). When the serum of the same subject was 
being used repeatedly, water content was not determined for 
each sample of serum. 

Preparation of Serum Containing Thiocyanate—Venous blood 
was obtained without stasis and without exposure to air. The 
blood was allowed to clot under oil and the serum was drawn after 
20 minutes centrifuging. Measured amounts of dry sodium 
thiocyanate were added to the serum. In afew experiments serum 
was obtained from a subject who had previously ingested potas- 
sium thiocyanate, in which case the blood when drawn already 
contained thiocyanate. 

Ulirafiltration—Ultrafiltration was carried out across a cello- 
phane membrane! by the method of Lavietes (4). In most ex- 
periments the serum had been exposed to air during the addition 
of thiocyanate, but the ultrafiltration was carried out anaerob- 
ically. When the thiocyanate had been ingested by the subject, 
however, the serum was introduced into the ultrafiltration chamber 
without any exposure to air, and the ultrafiltration completed 


1 Cellophane No. 450 was used, not No. 300 as erroneously stated in the 
original description. 
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without permitting the serum to come in contact with air at any 
point in the procedure. It was found that exposure to air did 
not affect the experimental results. 

Ultrafiltration was usually conducted at room temperature 
(21-27°), but was occasionally carried out at 7° or 37°. 

Thiocyanate was determined in serum and filtrate and occa- 
sionally in the substrate. It has been noted (4) that the con- 
centration of thiocyanate in the filtrate is independent of the 
proportion of serum water which has been filtered, so that com- 
parisons between serum and filtrate are not influenced by the 
extent to which ultrafiltration has progressed. 


Experimental Procedures and Results 


Ultrafiltration of Serum and Transudate—Thiocyanate-con- 
taining serum from two normal subjects was subjected to ultra- 
filtration on thirty-two occasions and serum from patients on 
twenty-two occasions. The concentration of SCN in serum ex- 
ceeded that in its ultrafiltrate in every instance; a similar, but 
smaller, discrepancy was noted between colloid-poor transudates 
and their ultrafiltrates. 

Bound Thiocyanate—By means of a factor to correct for the 
Donnan effect, ionized SCN in serum was estimated from the 
concentration of SCN in its ultrafiltrate (all of which is assumed 
to be ionized) and subtracted from the total SCN of the serum to 
give bound or non-ionized SCN. The error which may be intro- 
duced into this calculation by using an improper correction ratio 
for the Donnan effect is small in relation to the amount bound. 
The factor 0.95 has been used in our calculation. Thus (SCN in 
water of serum) — (SCN in filtrate K 0.95) = SCN bound per 
liter of serum water. 

The data for a few experiments in which different concentrations 
of SCN have been added to portions of the same serum are pre- 
sented in Table I. The proportion of SCN bound diminishes as 
the total concentration of SCN increases. The limit which bound 
SCN approaches as the total SCN concentration is raised was not 
established, but there were 9.3 milliequivalents bound in one 
experiment in which the serum of a normal subject was made to 
contain 86.4 milliequivalents. Bound SCN in the sera of the 
patients studied differed little from that in normal sera. 
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These findings were confirmed by several experiments in which 
serum, in cellophane tubes, was dialyzed against physiological 
saline solution, after addition of NaSCN to either serum or dialy- 
sate. Furthermore, when SCN was added to one of two portions 
of the same serum and both were dialyzed against physiological 
saline solution, equilibrium was reached when the concentration 
of SCN was alike in the two samples of serum, 2.66 milliequivalents 
per liter of water, while that in the dialysate was only 2.10 milli- 
equivalents per liter. At this time Cl was 2 per cent higher in the 
dialysate than in serum water. 


TaBLe I 
Ultrafiltration of Normal Sera 











Experiment No. | Total SCNof serum | SCN of filtrate Send Oi 

m.eq. per l, m.eq. per t m.eq. per l, 
1 2.50 1.58 1.18 
4.55 3.09 1.96 
2 1.27 0.84 0.57 
2.46 1.80 0.95 
4.85 3.85 1.62 
3 1.25 0.85 0.54 
5.00 3.85 1.73 
10.00 8.22 2.97 
4 1.08 0.76 0.45 
15.55 13.05 4.34 
5 5.02 3.95 1.70 
10.04 8.27 3.03 








No appreciable restraint of SCN could be demonstrated when 
solutions of gelatin, recrystallized egg albumin, an emulsion of 
olive oil, or a commercial emulsion of neutral fat was used; nor 
was the capacity of serum to bind SCN enhanced by the addition 
of olive oil. 

Effect of Temperature on Thiocyanate Distribution—Simultaneous 
ultrafiltrations of the same SCN-containing serum were carried 
out at different temperatures. The amount of thiocyanate bound 
at each temperature was determined. The results, in Table II, 
reveal a constant and striking temperature effect. At 7° more 
SCN was bound than at room temperature (22-27°). In the 
last experiment 1 mg. of KCN was added per cc. of serum at the 
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start to control the possible factor of bacterial growth. The effect 
of temperature is a reversible one, for if serum is kept in the 
refrigerator for 24 hours and then ultrafiltered at room tempera- 
ture, its binding power is the same as that of control serum kept 
at room temperature throughout the experiment. Moreover, 
successive samples of ultrafiltrate obtained from the same sample 
of serum at different temperatures show changes comparable to 
those recorded for simultaneous ultrafiltrations at different tem- 
peratures. 











Tasie II 
Influence of Temperature upon Thiocyanate Binding 
Temperature | Total SCN of serum Bound SCN of serum 

Cc. m.eq. perl. water m.eq. per |. water 
7 13.5 2.50 

37 13.5 1.60 

7 1.06 0.33 
37 1.06 0.19 

7 6.64 2.25 

22 6.64 1.79 

7 10.70 2.79 

25 10.70 1.90 

7 10.70 3.43 

25 10.70 2.93 

7 8.54 2.60 
25 8.54 1.97 

7 3.35 1.14 
27 3.35 0.83 














Effect of Hydrogen Ion Concentration on Thiocyanate Distribu- 
tion—In a series of experiments samples of the same SCN-con- 
taining serum were maintained at different hydrogen ion concen- 
trations during ultrafiltration, and bound thiocyanate determined 
(Table III). In the first group of experiments, one portion of 
serum was treated with COs, the other being retained as a control. 
Each sample was then transferred anaerobically into the ultra- 
filtration chamber. When SCN had been previously ingested, 
a third ultrafiltration was conducted in which anaerobic precau- 
tions were observed throughout. In the last two experiments 
the serum was brought approximately to pH 8.5 by the addition 
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of KCN, and portions brought back to normal and acid reactions 
by adding H.SO, as indicated. Water equivalent in volume to the 
H,SO, was added to the alkaline samples. The results indicate 
a small but constant increase in binding of SCN when pH is 
lowered slightly by increasing the CO, tension. This effect is 
much more striking with the greater changes in reaction pro- 
duced in the last two experiments. 

Lipoid Extraction of SCN-Containing Serum—Attempts to 
recover lipoid-SCN from petroleum ether extracts of serum dried 














Taste III 
Effect of pH upon Thiocyanate Binding Determined by Ultrafiltration 
TotalSCN | BoundSCN | Conditions 
m.eq. perl. water | m.eq. per l. water 

1.69 0.37 | Control 

1.69 0.50 CO, bubbled through serum 

1.84 0.94 | Control 

1.84 0.94 Anaerobic 

1.84 | 0.98 | CO; bubbled through serum 

0.91 | 0.46 | Control 

0.91 0.45 Anaerobic 

0.91 0.49 | CO; bubbled through serum 

2.14 0.54 | Control 

2.14 0.63 | CO, bubbled through serum 

3.35 0.68 Alkaline (15 m.eq. KCN added) 
3.35 0.83 Neutral (same + 10 m.eq. H:SO,) 
3.35 0.92 Acid (same + 30 m.eq. H,SO,) 
13.50 | 2.33 | Alkaline (15 m.eq. KCN added) 
13.50 | 2.74 Neutral (same + 12 m.eq. H,SO,) 
13.50 3.35 Acid (same + 24 m.eq. H,SO,) 





in vacuo after freezing and from serum dried in vacuo after being 
mixed with anhydrous sodium sulfate were unsuccessful. 

The method of Peters and Man (10), slightly modified (7), was 
employed for the extraction of lipoids from thirteen samples of 
SCN-containing serum and in each case SCN was found in the 
lipoid extract, although NaSCN could never be dissolved in 
petroleum ether in any detectable amount. In each experiment 
a second sample of the serum was subjected to ultrafiltration and 
total, ionized, and bound SCN was determined. The amount of 
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bound SCN as determined by ultrafiltration was compared 
with the amount of SCN found in the lipoid extract. 

Although there was SCN in every lipoid extract, the differences 
between duplicate determinations were considerable, and the 
discrepancies between extracted lipoid-SCN and that found bound 
by ultrafiltration were even greater. It was impossible to draw 
any more exact conclusion from these experiments than that the 
amounts of SCN were of the order of magnitude of the non- 
diffusible fraction. 

The method of Peters and Man (10) was next further modified 
in that the alcohol-ether extract was evaporated at atmospheric 


TaBLe IV 


SCN in Lipoid Extract of Serum Compared with Bound SCN in Serum; 
Lipoid Extracts Evaporated with Nitrogen 











Experiment No. | Total Bound Lipoid 
m.eq. per |. m.eq. per |. m.eq. per l. 
1 10 1.8 1.3 
2 5 2.1 1.8 
10 3.3 2.7 
3 10 1.8 2.8 
4 {8 1.8 2.2 
5 10 2.8 3.0 
6 10 2.7 2.3 
7 10 2.8 2.6 











pressure by the use of a stream of nitrogen. Agreement of dupli- 
cate determinations within 10 per cent was usually obtained by this 
procedure. The results of the extractions by this method, pre- 
sented in Table IV, indicate excellent agreement between the 
amount of SCN in the lipoid extracts and the bound SCN as 
determined by ultrafiltration of the same serum at room tempera- 
ture. 

In the course of these experiments it was found that the results 
were not significantly affected by exposure of the dried alcohol- 
ether-soluble extract to air before extraction with petroleum ether. 
It was then found that equally good yields of lipoid-SCN could 
be obtained if a stream of air was substituted for the stream of 
nitrogen in removing the alcohol and ether from the extracts prior 
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to reextraction with petroleum ether. The results were little, if 
any, influenced when the alcohol and ether were merely allowed 
to evaporate spontaneously. The technique adopted for further 
studies was simplified as warranted by these observations. 

To 20 cc. of a mixture of 3 parts of 95 per cent alcohol to 1 part 
of ether in a 25 cc. volumetric flask are added 1.5 cc. of serum drop 
by drop with constant agitation. After thorough mixing, this 
is made to the mark with alcohol and ether, capped with tin-foil, 
and kept in the dark at room temperature for 10 to 24 hours. It 
is then again brought to the mark if there has been any evapora- 
tion, and filtered. 3 cc. aliquots of the filtrate are allowed to 
evaporate spontaneously in 30 cc. porcelain dishes and the residue 
is extracted with petroleum ether and transferred to 10 cc. round 
bottomed centrifuge tubes, one 4 cc. and four 1 ce. portions of 
petroleum ether being used. 10 drops of water are now added to 
the petroleum ether extract, and the tube capped with tin-foil 
and centrifuged at high speed for 10 minutes. The clear petroleum 
ether extract is then drawn off into a 15 cc. round bottomed Pyrex 
centrifuge tube and allowed to evaporate spontaneously below 
the boiling point of petroleum ether. The lipoids are then sus- 
pended in 2 cc. of 10 per cent trichloroacetic acid by forceful 
shaking with the aid of a glass bead. The suspended fats are then 
removed by passage through No. 50 filter paper twice and thio- 
cyanate in the filtrate determined by colorimetry, a standard solu- 
tion containing 0.2 milliequivalent of NaSCN per liter of 10 per 
cent trichloroacetic acid being used for comparison. 

Redistilled alcohol, ether, and petroleum ether were used at the 
beginning, but it was found subsequently that the results were 
unaffected by using the ordinary laboratory reagents. By the 
technique described above no SCN could be demonstrated in 
petroleum ether extracts of dry NaSCN, or of NaSCN plus butter 
fat or mineral oil. SCN was recovered quantitatively from mix- 
ture with butter fat by colorimetric determination in the filtrate 
of a trichloroacetic acid suspension, as used in the above procedure. 
Other control experiments demonstrated that double aliquots of 
alcohol-ether extract could be used without affecting the yields; 
also that delay of a few hours before the alcohol-ether-soluble 
matter is extracted with petroleum ether does not affect the results 
significantly but that delay of 3 to 6 days results in an increased 
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yield. In separating the petroleum ether extracts, centrifugation 
at approximately 2000 r.p.M. was used. The yields were not 
decreased by more rapid centrifugation. Water added to the 
petroleum ether extract before centrifugation to facilitate subse- 
quent separation of the petroleum ether extract from the insoluble 
residue did not diminish the yield. When petroleum ether ex- 
tracts were shaken vigorously with water, however, the SCN was 
all transferred to the aqueous phase. 

Effect of Temperature on SCN Content of Lipoid Extracts— 
Aliquots of the same alcohol-ether extracts of serum were allowed 
to evaporate spontaneously at 7° and 25°. The yields of SCN 
from the subsequent petroleum ether extracts were much higher 
when the evaporation took place at 7° (Table V). The effect of 








TaBLe V 
Lipoid-SCN and Temperature at Which Alcohol-Ether Extract Is Allowed 
to Evaporate 
Experiment No. Total Bound Temperature 

m.eq. per l. m.eq. per l. “C. 

1 10 3.1 7 

2.3 25 

2 10 1.8 7 

1.3 25 














temperature differences is found to be comparable to that on 
bound SCN as estimated by ultrafiltration (Table I1). In Experi- 
ment 2 it was found that when aliquots were evaporated almost 
to the point of dryness at 25° and the evaporation completed at 
7° the yield of lipoid-SCN rose to 1.6 milliequivalents per liter, 
midway between the yields at 7° and 25°. Transfer to a vacuum 
desiccator at room temperature at the same point in the procedure 
failed to increase the yield of lipoid-SCN, indicating that the 
reduced temperature does not act merely by inhibiting oxidation. 

Effect of Reaction on SCN Content of Lipoid Extracts—The addi- 
tion of 0.02 ce. of 0.1 nN H,SO, or HCI to a 3 cc. aliquot of aleohol- 
ether extract (equivalent to 0.18 cc. of original serum) before 
evaporation causes the yield of lipoid-SCN to be doubled 
(Table VI). An equivalent amount of NaOH causes the yield to 
fall definitely below the controls (to which have been added 0.02 cc. 
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of water). In the last two experiments additional samples were 
treated with varying amounts of acid. It was found with both 
H,SO, and HC! that the highest yield was obtained when 0.1 n 
acid was used and that the yield fell off sharply with 0.2 N acid 
and disappeared entirely when N acid was used. Control experi- 
ments showed that addition of NaCl and Na,SO, had no effect on 
lipoid-SCN recovery. Acidification of serum short of the point 
where precipitation of the proteins occurs prior to extraction with 
aleohol-ether mixture also causes increased recovery of lipoid-SCN, 


TaBLe VI 


Effect on Recovery of Lipoid-SCN of Changing Reaction of Alcohol-Ether 
Extract 


Lipoid-SCN in m.eq. per liter serum after addition* of 


HO HSO« HCl NaOH 
1.5 2.3 | 1.3 
1.4 3.3 0.7 
2.2 3.4 | | 1.9 
2.2 3.6 2.2 
2.2 3.2 

2.4 4.9 





* 0.02 ec. of water or of 0.1 N acid or alkali was added to 3 ec. of aleohol- 
ether extract (= 0.18 ec. of the original serum). 





DISCUSSION 


That SCN in serum is in some manner restrained from diffusion 
across semipermeable membranes both in vivo and in vitro seems to 
be established. The recovery of SCN from lipoid extracts of 
serum in amounts approximating non-diffusible SCN suggests that 
the mechanism by which SCN is bound consists of the formation of 
a lipoid-SCN combination in serum. The fact that bound SCN 
and lipoid-SCN are similarly influenced by temperature changes 
and also by changes in acidity lends strong support to this con- 
clusion. 

There is considerable evidence that the lipoid-SCN complex is 
in equilibrium with inorganic SCN. Whether NaSCN is added 
to serum or to its dialysate, the distribution finally reached is 
found to be the same. The equilibrium can be disturbed by chang- 
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ing the reaction or temperature of the serum. For a single serum 
there is a correlation between total SCN and the amount bound. 
The combination is loose enough to be destroyed by precipitation 
of the lipoids together with the proteins of the serum by trichloro- 
acetic acid, since following such precipitation recovery of SCN 
from the filtrate is complete. 

' The presence of SCN in lipoid extracts of serum is of interest in 
connection with the reports of Spiegel-Adolph (11), of Christensen 
and Corley (2), and of Christensen (1) that halides may be found 
in association with phospholipid derived from serum. Christensen 
and Corley (2) have confirmed the observation of Peters and 
Man (10) that chloride accompanies the lipoids obtained from 
serum by extraction methods, and have further shown that the 
phospholipid fraction is the one specifically involved. Christensen 
and Corley (2) and more recently Christensen (1) have expressed 
doubt that lipo-chloride combinations exist in native serum; but 
this possibility has not been excluded. In the case of SCN there 
can be no question regarding the presence of a bound form in serum 
both in vivo and in vitro, and apparently it is the serum lipoids that 
are involved in the combination. This is certainly suggestive 
evidence that the chemically similar halides may exist in the 
same form. 


SUMMARY 


In a series of 54 ultrafiltrations and two dialyses of human serum 
containing thiocyanate there was in every case a higher concentra- 
tion of thiocyanate in the serum than in ultrafiltrate or dialysate. 

Bound thiocyanate is in equilibrium with ionized thiocyanate 
of the serum. The amount bound was found to increase as the 
amount of thiocyanate added was increased, with a smaller frac- 
tion of the total bound at higher than at lower concentrations. 
Increases in temperature diminished thiocyanate binding by the 
serum. Increases in hydrogen ion concentration were found to 
increase thiocyanate binding. 

Thiocyanate was demonstrated consistently in the petroleum 
ether extracts of serum containing thiocyanate, although sodium 
thiocyanate is completely insoluble in petroleum ether. The 
amount of lipoid-SCN extracted from a given serum sample agreed 
well with the bound SCN as determined by ultrafiltration. Fur- 
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thermore, lipoid-SCN recoveries and bound SCN are similarly 
influenced by temperature changes and by variations of hydrogen 
ion concentration. 
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In the studies of intestinal obstruction in dogs previously re- 
ported from this laboratory (1, 2), large increases in concentration 
of organic acid-soluble phosphorus in the blood cells were found 
accompanying the decreases in concentration of chloride in the 
blood. Because of the striking reciprocal relationship observed 
between the changes in concentration of organic acid-soluble 
phosphorus and chloride in the blood cells, it was suggested that 
the unidentified “ester P’’ compounds probably played an 
important réle in maintaining the acid-base equilibrium of the 
blood. With a suitable method available for the determination 
of diphosphoglyceric acid, those experiments have been repeated 
and the changes in concentration of organic acid-soluble phos- 
phorus in the blood cells have been identified as occurring almost 
entirely in the diphosphoglycerate fraction. With these more 
complete analyses, it is possible to describe fairly completely 
the ionic composition of dog blood cells in the normal state and 
following pyloric obstruction, and to evaluate quantitatively 
the importance of diphosphoglyceric acid as a non-diffusible 
anion in the cells. 


Methods 


The dogs used in the experiments were full grown, healthy 
mongrels. The operations were performed for us in the Labora- 
tory of Surgical Research of the University of Cincinnati. The 
pylorus was severed, and the stumps inverted and sewed with 
a double line of sutures. Water was allowed ad libitum, beginning 
about 1 day after operation. 
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Blood samples were taken before operation and at intervals 
after operation, as indicated in Tables I to IV. For each set of 
analyses, 35 to 40 cc. of blood were drawn with a tightly fitting 
syringe and needle from the femoral artery, except for the post- 
mortem samples, which were obtained by heart puncture. The 
blood was divided and prepared for analysis as follows: (1) 15+ ec. 
were delivered into glass vials of 5 and 10 cc. capacity, containing 
respectively 0.5 and 1.0 mg. of dried ash-free heparin' and a glass 
bead. The vials were filled with blood to overflowing, a 1-hole 
rubber stopper was inserted, the blood being expressed through 
the hole, and the stopper was plugged with a glass rod. The 
vials were shaken to dissolve and mix the heparin, and deter- 
minations of O, and CO, content were made as soon as possible. 
(2) 20+ cc. were delivered under paraffin oil in a centrifuge tube. 
After the blood clotted and the clot was loosened, the oil was 
replaced by solid paraffin, the tube was centrifuged, and the 
serum was drawn off and preserved under oil until after samples 
had been withdrawn for determinations of CO, content and pH. 

The volume of packed cells in whole blood was determined by 
the method of Guest and Siler (3). Red blood cell counts were 
made with hemocytometers checked by the Bureau of Standards. 
Hemoglobin was determined by the colorimetric method of Palmer 
(4), modified slightly (5). Terminology and methods of cal- 
culating the mean size and hemoglobin content of the red blood 
cells are described elsewhere (5, 6). Non-protein nitrogen deter- 
minations were made by the micro-Kjeldahl method. Serum 
protein was calculated from the specific gravity by means of the 
formula of Moore and Van Slyke (7). Specific gravity was deter- 
mined in a pycnometer of 2.0 ec. capacity. The water content 
was found by drying 0.5 cc. samples on filter paper in weighing 
bottles at 105° to constant weight. Serum pH was determined 
with a glass electrode at 38°, calibrated with standard buffer 
solutions. Combined determinations of the O, and CO, content 
of whole blood were made by the method of Van Slyke and Neill 
(8), with 1.0 cc. samples. The CO, values were calculated by the 
factors of Van Slyke and Sendroy (9). Chloride was determined 
by the method of Van Slyke (10). The inorganic cations were 


1 Heparin was obtained from Apoteksvarucentralen, Vitrum, Stock- 
holm, Sweden. 
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determined by the total base method of Leva and Guest (11). 
Inorganic P and total acid-soluble P of whole blood were deter- 
mined by the method of Fiske and Subbarow (12), with minor 
modifications (13). Diphosphoglyceric acid was determined as 
glyceric acid, by the method ‘of Rapoport (14). The cellular 
concentrations of water, total base, chloride, and CO, were cal- 
culated, by means of the cell volume per cent, from values deter- 
mined on whole blood and serum. The cellular concentrations 
of hemoglobin and the organic acid-soluble P fractions were 
calculated by dividing the whole blood values by the cell volume 
per cent, assuming that these substances in whole blood were 
confined to the cells. 

Calculations—For calculating the concentration of HgCOs; in 
serum and cells, the solubility coefficients of carbonic acid given 
by Van Slyke et al. (15) were used, and it was assumed that the 
CO, tension was the same in serum and cells. The pH of the 
cells was calculated accordimg to the pK’. determined by Dill 
and coworkers (16). The anion equivalency of the serum proteins 
was calculated according to Van Slyke, Hastings, Hiller, and 
Sendroy (17). The equivalency of hemoglobin was estimated 
from the data of Hastings et al. (18) on dog hemoglobin. The 
osmotic concentration of hemoglobin was assumed to be one- 
fourth of its oxygen equivalency, on the basis of a molecular 
weight of 67,000. The equivalency of diphosphoglyceric acid 
was estimated from its titration curve as determined by Kiessling 
(19) and by Rubin (20). The equivalency and osmotic con- 
centration of “other organic P,”’ i.e. the organic acid-soluble P 
not determined to be diphosphoglycerate, was estimated on the 
assumption that it was all adenosinetriphosphate. The errors 
introduced by such an assumption are small. The bicarbonate 
content of the cells was corrected for carbamate, assuming that 
this would account for 15 per cent of the CO, content of the cells 
in the antemortem samples and 20 per cent in the postmortem 
samples, in which the oxygen content was low (21). 

For calculating the theoretical distribution ratios, Equation 
14 of Van Slyke, Wu, and McLean (22) was used, with the follow- 
ing substitutions. The equivalency of the non-diffusible cell 
constituents, (BP). of the original equation, was taken as the 
sum of the equivalents of hemoglobin, diphosphoglycerate, 
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and “other organic P.’”’ The osmotic concentration (P). was 
taken as the sum of the concentrations of these constituents. 


























TaB_e | 
Data on Blood Cells and Serum of Dog A8, before and after Pyloric 
Obstruction 
| Before Hrs. after operation 
operation <t =. th. eka _ — 
Pr 48 62° 
ia ee ae ete 
Total celle, %................--. | 49.4 49.3 | 44.9 | 42.2 
Red blood cells, %. 48.4 46.6 | 41.6 39.6 
R.b.c., millions per c.mm. 7.49 6.48 | 6.55 | 6.20 
Mean r.b.c. size, cu. microns... 64.6 71.9 | 63.5 | 63.9 
Hb, whole blood, gm. per 100 cc. 16.8 6.2) BMF t- BMA 
** cells, gm. per 100 cc........... 34.7 | 34.5 | 35.3 | 35.6 
Mean Hb per r.b.c., micromicro- | | 
Ny ily Dam ia 22.4 24.8 | 22.4 | 22.8 
Oxygen saturation, %... 96.0 92.3 91.0 | 42.9 
Non-protein N, serum, mg. per 
leas. wists. li. enviar eer ss | 223 | 20 
Protein, serum, gm. per 100 cc.....| 6.5 4.1. 2@it 04 
Ge. or., SOFUM............- | 1.026, 1.028 1.031 1.034 
Water, serum, gm. per l | 933.4 | 925.3 | 922.8 919.3 
YS ——_ "= =. 729.8 718.2 | 687.8 696 .0 
pH, serum... | 7.47| 7.84] 7.88| 7.15 
“ cells... | 7.28 7.25| 7.20] 6.98 
CO, content, serum, m.eg. per l. 23.76 37.65 40.92 34.77 
S - cells, A 15.9 20.1 20.1 24.7 
Cl, serum, m.eq. per l. 107.2 70.5 47.7 | 45.3 
** cells, ee Se ...| 49.4 24.4 | 17.4 | 2.3 
Total base, serum, m.eq. per l.... 156.8 146.8 153.7 157.1 
? ** cells, ” PRL 123.8 122.3 125.2 132.2 
Phosphorus, mg. per 100 cc. 
Inorganic P, serum...... 5.5 | 11.1 21.0 27.4 
ne 7 oe... . 1.9 4.0 4.7 11.9 
Organic acid-soluble P, cells. . | 55.2 | 77.4 93.2 89.0 
Diphosphoglycerate P, cells ... 38.2 | 57.4 73.1 70.4 








* Sample drawn a few minutes post mortem. 


EXPERIMENTAL 


Data in Tables I and II represent findings on blood samples 
drawn from two dogs, Nos. A3 and 642, before and after pyloric 
obstruction. The changes of Cl, CO, inorganic P, protein, non- 
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protein nitrogen, specific gravity, water, etc., in the blood serum 
during 2 days following operation were similar to findings which 
have been reported by others (23). The increases in concentra- 
tion of organic acid-soluble P in the blood cells were similar to 











Tasie Il 
Data on Blood Cells and Serum of Dog 642, before and after Pyloric 
Obstruction 
—— Hrs. after operation 
operation iin ee 5 
“4 74° 
ES, ee eee 47.7 56 4 54.3 
OE” PP eee 46.9 54.7 52.8 
BRD.G., SETOMS PET O.MAM... ooo cccscsscs 7.38 8.35 8.12 
Mean r.b.c. size, cu. microns............... 63.5 65.5 65.0 
Hb, whole blood, gm. per 100 ce............. 16.3 19.8 18.6 
a OF BOD ORs xo sas nena ders 34.8 36.2 35.2 
Mean Hb per r.b.c., micromicrograms....... 22.1 23.7 22.9 
Guns eaturation, %...........00<.00sses:: 39.3 
Protein, serum, gm. per 100 cc.............. §.2 9.3 10.6 
i CME, J. 5 osgec oe kita te Mins ukhs ss 1.022 1.034 1.038 
a “5g OPT ee 948.4 919.6 912.0 
ree ee OF eR ee ii 743.7 741.6 743.3 
A da ctrnins 4 cadaey Wile aden lakaretone 7.44 7.54 7.01 
i err ee ee eee 7.24 7.28 6.88 
CO; content, serum, m.eqg. perl............. 23.68 32.04 23.29 
aa “ cells, ee ee ane at 15.2 18.6 19.3 
Gees, GhOe, er Os oS... eco cecas ene 106.0 79.5 64.3 
Free WE OE sata eT 49.7 $2.1 40.2 
Total base, serum, m.eg. perl.............. 153.5 155.9 164.8 
4) “cells, 5 a ee 112.2 120.1 124.8 
Phosphorus, mg. per 100 cc. 
gs Oe ee eee 2.6 8.6 25.0 
- Pi. 0a Ae. cece. da. 1.6 2.8 11.7 
Organic acid-soluble P, cells........... 45.8 72.8 77.9 
Diphosphoglycerate P, cells.............. 30.7 55.6 55.5 














* Sample drawn a few minutes post mortem. 


those previously described by Guest and Andrus (1). Such 
changes here are closely accounted for in the diphosphoglycerate 
fraction. During 24 to 48 hours after operation the pH of the 
serum increased slightly, but the pH calculated for the cells re- 
mained practically unchanged. The decrease of Cl was propor- 
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tionately greater in the cells than in the serum, while the increase 
of CO, was less in the cells than in the serum. The values for 
total base in the cells were variable. In the last samples, drawn 
a few minutes post mortem, there was a striking decrease in pH, 
and with this the distribution of Cl and CO, between serum and 
cells changed greatly. This was probably due to the aecumula- 
tion of lactic acid. Lactic acid was not determined, but its in- 
crease is suggested by the anion deficits in the last sample, shown 
by data in Table III. 

In Table ILI, the concentrations of the electrolytes determined 
in blood samples from Dogs 642 and A3 are expressed in milli- 
equivalents per kilo of water in serum and cells. The agreement 
between the sums of the anions and the total base (fixed cations) 
in the cells of each of the antemortem samples is close enough to 
indicate that practically all the electrolytes in the cells are ac- 
counted for by these determinations. The total ionic concentra- 
tion of the blood cells changed rather little during the experi- 
ments. In the antemortem samples, the most important factor 
compensating for the decreased concentration of chloride in the 
cells was the increase in concentration of diphosphoglycerate. 

In the serum of the preliminary normal blood samples, the total 
base exceeded the sum of the determined anions, Cl + HCO; + 
protein, by 8 or 9 milliequivalents per liter. While 3 or 4 milli- 
equivalents might be accounted for by the normal concentration 
of sulfate and lactate, there remains an excess of approximately 
5 milliequivalents of base unaccounted for. Others have reported 
similar findings (24). This discrepancy may be due partly to 
faulty calculation of the equivalency of serum proteins. Those 
calculations were based upon the titration curve of pure proteins 
of horse serum, reported by Van Slyke et al. (17). If the calcu- 
lations were based upon the data on the equivalency of dog serum 
proteins, determined indirectly by Greene and Power (25), 
the values would be about one-third higher, and better agreement 
between anions and cations of the serum would be obtained. 

The omission of sulfate from the calculations of ionie equi- 
librium of the blood cells should not involve a large error. The 
distribution of the divalent sulfate ion in cells and serum follows 
the equation 
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With a Donnan ratio r = 0.5, the sulfate concentration per kilo 
of water in the cells would be one-fourth its concentration in the 
serum. Assuming the entire increase of undetermined anions in 
the serum to be inorganic sulfate, its concentration in the cells 
of the second sample from Dog A3 would be 2 milliequivalents 
per kilo of water, and 7 milliequivalents in the cells of the third 
sample. Had the sulfate been determined, those values (amount- 
ing to 1.5 to 4 per cent of the total anions) would not change the 
balances very much, but such corrections would be in the diree- 
tion of giving better agreement between the anions and cations. 


TaBLe IV 


Observed Ionic Distribution Ratios, and Theoretical Ratios Calculated from 
Hemoglobin and Organic Phosphates, in Dog Blood, before and after 
Pyloric Obstruction 


























Observed ratios 
Teste = |——_—_—__ —————| Theoretica 
Dog No. operation (HJ. {Cle {HCOs).* ratios ; 
(Hl. (Cll. {HCOs), 
hrs. 
642 Before 0.631 0.599 0.685 0.648 
44 0.550 0.500 0.600 0.521 
74t 0.741 0.768 0.807 0.736 
A3 Before 0.646 0.573 0.706 0.633 
27 0.513 0.432 0.554 0.526 
48 0.468 0.457 0.508 0.465 
62t 0.677 0.652 0.683 | 0.679 





* Values corrected for the carbamate CO, in the cells. 
t Samples drawn a few minutes post mortem. 


In Table IV are listed distribution ratios of the observed con- 
centrations of Cl-~, HCO;~, and H* in cells and serum, and the 
theoretical ratios calculated from data on the non-diffusible 
anions (hemoglobin + diphosphoglycerate + other organic P) 
of the cells. The ratios of H*+ and Cl agree closely. The HCO; 
ratios (corrected for carbamate in the cells) are slightly higher, 
but follow the changes in the ratios of H+ and Cl-. Good agree- 
ment is found between the observed and the theoretical ratios. 


DISCUSSION 


Elsewhere (26) we have summarized the results of a series of 
clinical and experimental studies of the acid-soluble phosphorus 
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compounds of the blood in a number of different conditions. Chart 
4 in that article illustrates graphically the findings in another 
dog with pyloric obstruction, an experiment performed at the 
same time as those described here, and with similar results. In- 
creases in concentration of diphosphoglycerate in the blood cells, 
with decreases in concentration of chloride, also were found in 
dogs after bilateral nephrectomy. On the other hand, opposite 
changes were found in several types of acidosis, in which decreases 
in concentration of diphosphoglycerate in the blood cells aecom- 
panied increases in the concentration of chloride. 

In previous articles (26, 27) it was pointed out that transfor- 
mations of organic acid-soluble P compounds in the blood are 
accomplished by reactions of the glycolytic cycle, and that 
changes in concentration of those compounds in the blood cells 
depend upon factors which affect that enzyme system. One such 
factor is the pH. Changes in pH of the blood toward greater 
alkalinity or greater acidity than normal respectively favor the 
synthesis or the decomposition of diphosphoglycerate (27). There 
is, of course, some tendency for the pH of the blood to rise during 
the first days after pyloric obstruction. In the experiments cited 
here, however, the changes in concentration of diphosphoglycerate 
in the blood cells do not appear to be closely associated with the 
observed shifts in pH. Another factor is the concentration of 
inorganic P in the blood, as influenced by renal function. With 
failure of renal excretion, the accumulation of inorganic P in the 
blood is closely associated with increases in concentration of 
diphosphoglycerate in the cells (26). Since impairment of renal 
function has been demonstrated to occur after pyloric obstruction, 
perhaps due to dehydration or toxic nephritis or both (for refer- 
ences, see (1)), it is possible that this factor operates to some 
extent in conditions such as those of the two experiments here 
described. In these and similar experiments, however, little paral- 
lelism is found between the changes of inorganic and organic acid- 
soluble P, comparable to that which may be seen following sup- 
pression of renal function. Moreover, when dogs with pyloric 
obstruction were given parenteral injections of salt solution, in 
amounts sufficient to promote urinary excretion of waste substances 
but insufficient to maintain the chloride at a normal concentration 
in the blood, the concentration of organic acid-soluble P in the 
blood cells increased without any increase of inorganic P in the 
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blood (1, 2). The decrease in concentration of chloride in the 
blood cells therefore appears to be the most constant and striking 
of the changes associated with the increased concentration of 
diphosphoglycerate found in the blood cells after pyloric obstruc- 
tion. This suggests that the concentration of chloride itself 
may influence the enzymatic synthesis and decomposition of 
diphosphoglycerate. 

In 1923, Van Slyke, Wu, and McLean (22) determined the total 
electrolyte concentration of the cells of the blood of a horse, by 
measuring the concentrations of total base, chloride, bicarbonate, 
and the buffer values of the non-diffusible substances. The sum 
of the anions thus determined agreed closely with the value for 
total base. Finding the buffer value for the non-diffusible con- 
stituents of the cells much higher than should be expected from 
the hemoglobin content, they ascribed this difference to the con- 
jugated phosphates. A further contribution to this question was 
made recently by Maizels and Paterson (28), who found that 
an important part of the base-binding property of the erythrocytes 
of patients with hypochromic anemia was due to non-diffusible 
acids other than hemoglobin. 

The data presented here confirm and amplify the conjecture of 
Van Slyke, Wu, and McLean concerning the importance of the 
conjugated phosphates. Phosphate esters and hemoglobin to- 
gether made up practically all of the non-diffusible anions in dog 
blood cells, both in the normal state and in grossly abnormal con- 
ditions following pyloric obstruction. In the normal cells, the 
ratio of the anion equivalency of the hemoglobin to that of 
diphosphoglyceric acid was around 3:2. After pyloric obstrue- 
tion, this ratio changed to 1:1 or 1:2, and in the postmortem sam- 
ples the ratio was around 1:4. It is to be emphasized that, while 
the concentration of hemoglobin may vary significantly over long 
periods of time (as in hypochromic anemia), the most important 
changes of hemoglobin equivalents are due to shifts in pH of the 
blood. On the other hand, while the equivalency of diphospho- 
glyceric acid also changes somewhat with shifts in pH, its changes 
in concentration are far more important. The concentration of 
diphosphoglycerate in the cells may vary between wide limits 
within relatively short periods of time, and subject to a variety of 
influences. In this respect, the diphosphoglycerate is consider- 
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ably more important than hemoglobin in adjustments to changes 
in concentration of the diffusible electrolytes in various pathologic 
conditions. 

On the basis of their investigations in 1923, Van Slyke, Wu, 
and McLean (22) concluded that the concentrations of electro- 
lytes in blood cells and serum followed in a general way Donnan’s 
law concerning the distribution of diffusible and non-diffusible 
ions on two sides of a semipermeable membrane. In horse blood 
they found agreement between the distribution ratios of HCO,~ 
and Cl~ ions in cells and serum. Theoretical ratios calculated 
from their data on the non-diffusible cell buffers (expressed as 
hemoglobin) approximated the observed distributions. The 
authors pointed out, however, that they were uncertain of the 
degree of precision of their chloride method as applied to cell 
analysis. Later, Van Slyke (10) demonstrated the accuracy of the 
open Carius method for determining blood chlorides and it was 
used in the further studies of the ionic distribution by Van Slyke, 
Hastings, Murray, and Sendroy (29). In those investigations 
they also added direct determinations of cell and serum pH by the 
hydrogen electrode. They then found regular differences among 
the three distribution ratios which at the time could not be ex- 
plained satisfactorily. The r values differed in the order 

(HI). (Cll. [HCO,). 


(Hm. icy, * °™ ficou. 





although they showed parallel variation with the pH of the order 
theoretically calculated. The difference now can be explained 
in the light of subsequent data. (1) Roughton and others (21) 
have found that of the combined CO, in blood cells, caleulated by 
Van Slyke and coworkers as all bicarbonate, 15 to 20 per cent 
exists in the form of carbamate. (2) Van Slyke, Hastings, Mur- 
ray, and Sendroy (29) determined the pK’, to be 5.93, and used 
this figure for calculating the pH of the cells. This was before 
the solubility coefficient of carbonic acid in hemoglobin solutions 
was determined by Van Slyke, Sendroy, Hastings, and Neill 
(30). The latter correction gives an average pK’, = 5.97 for 
reduced horse blood, differing by only 0.01 from the pK’, deter- 
mined by Dill et al. (16) with the glass electrode. With these cor- 
rections, recalculations of the data of Van Slyke, Hastings, Mur- 
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ray, and Sendroy (29) give ratios which agree closely. For their 
thirteen experiments on reduced horse blood, the average ratios 
have the relationships 

[Hi], [Cl]. [HCO,). 

—* = 0.91 = 0.94 ——** 

tml. ~ °** (cn, = °* tHCOnL 
For their four experiments on oxygenated blood, the average 
ratios have the relationships 

[H]. se [Cl]. [HCO]. 


(a). ~ ci. * (HCO). 





If, on the other hand, the recently determined values for pK’, 
and the molecular weight of hemoglobin had been available in 
1923, the calculations of theoretical distribution ratios based on 
hemoglobin alone, as made by Van Slyke, Wu, and McLean 
(22), would have led to values higher than those of their observed 
ratios. In the absence of any data on the cells, they assumed a 
value for pK’. of 6.12, equal to the then accepted value for the 
serum. Recalculation of the pH of the cells, with the pK’. deter- 
mined by Dill et al. (16) and the value for the solubility coeffi- 
cient of COs, determined by Van Slyke et al. (30), shifts the pH 
of the cells in all experiments of Van Slyke, Wu, and McLean 
by about 0.12 to the acid side, thus giving a difference of about 
12 milliequivalents in the value BP, (base bound by cell proteins). 
The change in the pH of the serum, assuming the pK’, to be 6.10, 
is only about 0.02. The H* distribution coefficient is thus 
changed by about 0.14 to 0.17. The value for [Hb], was calculated 
by Van Slyke, Wu, and McLean with the assumption of a molec- 
ular weight of 16,700 for hemoglobin, based on Huefner’s data. 
Newer data of Adair (31) and Svedberg and Nichols (32) assign 
a value 4 times as great. For an average value of 300 milliequiva- 
lents for the diffusible ions, the value r thus will be about 0.11 
higher than the r values calculated by Van Slyke, Wu, and Me- 
Lean. These corrections, changing the original values for H 
ion ratios and the ratios calculated from non-diffusible anions in 
opposite directions, lead to an average difference of 0.33 between 
the two ratios. The variation of r with pH of course remains 
unaffected by these corrections. 

Discrepancies such as those discussed in the preceding para- 
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graphs are not found when the phosphate esters as well as hemo- 
globin are taken into account in calculating the effects of the non- 
diffusible ions upon the distribution of the diffusible ions. The 
agreement here demonstrated among observed distribution ratios 
and their agreement with the theoretical ratios (Table IV) sup- 
port the validity of the Donnan theory as applied to dog blood 
under the conditions described. 

Several objections can be raised against this application of the 
Donnan theory. (1) The assumption that the cell wall is com- 
pletely impermeable to cations is open to doubt. Recent inves- 
tigations with radioactive elements indicate a slow exchange of 
the cations in the blood cells (33). Nevertheless, for the purposes 
of theoretical treatment, the differences between the diffusibility 
of Ht, Cl-, and HCO;~, on the one hand, and the cations, on 
the other, are perhaps sufficient to justify the postulation of a 
cell membrane that is impermeable to cations. (2) Another ob- 
jection, even more serious, is that activities rather than concen- 
trations should be considered in dealing with the distribution of 
ions on two sides of a membrane. It is strongly suggested by 
Adair that high concentrations of hemoglobin decrease the activ- 
ities of the anions and, to a lesser extent, of the cations. The 
activities of the phosphate ions seem to be especially strongly 
depressed. An estimate of these influences inside the cell seems 
at present difficult. (3) Another approximation is that of assum- 
ing that the osmotic pressure of hemoglobin follows the laws of 
ideal solutions. In concentrated solutions of hemoglobin, Adair 
observed osmotic pressures considerably higher than were calcu- 
lated from molar concentration. This difference apparently is 
partly due to the partial volume occupied by hemoglobin, and 
partly to the differences in ionic pressures across the membrane. 
(4) Another possible uncertainty is the amount of free water 
present inside the cells. Since it appears that 1 gm. of hemoglobin 
binds 0.2 to 0.3 gm. of water, about 10 per cent of the cell water 
might thus be bound by hemoglobin. We did not apply. this cor- 
rection because it could not be ruled out that ions might be pres- 
ent in equal or even higher concentrations in this part of the cell 
water. (5) Also to be considered is the fact that the concen- 
tration of ionic media influences strongly the titration curve and 
the isoionic point of hemoglobin. 
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The possible effects of such factors upon the ionic distribution 
may be summarized as follows: Correction for bound water would 
increase all calculated concentrations in the free cell water. This 
would cause an increase in the ratios of the diffusible anions, a 
decrease in the distribution ratio of the hydrogen ions, and little 
change in the ratios calculated from the non-diffusible ions. De- 
creased ionic activities inside the cell would lead toincreased con- 
centrations in the cells, thus increasing the ratios of the diffusible 
anions and decreasing the H* ratios calculated on the basis of con- 
centrations. The ratios calculated from non-diffusible ions would 
be unaffected only if an increase of the osmotic pressure of hemo- 
globin balanced a decreased activity of the phosphate ions. The 
agreement recorded here and elsewhere (29) among all ratios 
seems to indicate that these conflicting tendencies do somehow 
balance one another. Such considerations suggest that the blood 
cell exerts a regulating influence which maintains constant rela- 
tionships among the distribution ratios in spite of changing com- 
position of the blood. 


SUMMARY 


In the blood cells of dogs in a normal state and following pyloric 
obstruction, good agreement was found between the cations 
(determined as total base) and the sum of the anions Cl, HCOs, 
hemoglobin, inorganic phosphate, diphosphoglycerate, and other 
organic acid-soluble phosphate (mainly adenosinetriphosphate). 
After pyloric obstruction, the most important factor compensat- 
ing for the decreased concentration of Cl in the cells was an in- 
creased concentration of diphosphoglycerate. 

Data are presented to support the validity of the Donnan 
theory as applied to blood cells. With the formule of Van Slyke, 
Wu, and McLean, distribution ratios were calculated from the 
data on the non-diffusible anions and compared with observed dis- 
tribution ratios of the diffusible ions H+, Cl-, and HCO;-. The 
agreement found among these ratios indicates that the distribution 
of the diffusible ions between cells and serum depends mainly 
upon the concentration and anion equivalency of hemoglobin and 
diphosphoglycerate, the two most important non-diffusible con- 
stituents of the cells. 


The authors wish to express their thanks to Dr. D..D. Van 
Slyke for his advice in the preparation of this manuscript. 
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THE PLASMA AND RED BLOOD CELL LIPIDS IN PER- 
SISTENT (DIABETIC) LIPEMIA AND IN TRANSIENT 
(ALIMENTARY) LIPEMIA 


By 8. H. RUBIN 


(From the Laboratories of the Department of Medicine, New York University 
College of Medicine, New York) 


(Received for publication, October 10, 1939) 


The réle of the red blood cells in the transport and metabolism 
of lipids has been difficult to evaluate. Despite a growing body of 
evidence which indicates that the lipids of the red cells are struc- 
tural elements, the concentrations of which are unchanged in a 
variety of conditions, whole blood rather than plasma is still used 
occasionally for lipid studies. This usage apparently rests in 
part on the earlier work of Bloor (1915, 1916) who found a marked 
increase in phosphatides and glycerides in the red cells of dogs 
after they were fed olive oil. Knudson (1917) confirmed the 
observations and further reported an increase in cholesterol esters. 
In a later paper Bloor (1920-21) mentioned that, “Further un- 
reported work in this laboratory has not, however, entirely borne 
out these findings, since certain dogs have been found, in which 
the increase of lipoid phosphorus took place in the plasma and not 
in the corpuscles.” M. Bodansky (1931) confirmed Knudson’s 
work and found it advantageous to express the results in terms of 
molecular equivalents. 

On the basis of these observations, Bloor (1932) has suggested 
that in persistent lipemia (e.g., of diabetes, nephrosis, chronic 
hemorrhage, etc.) the red cells are inert, while in acute alimentary 
lipemia they may participate in lipid transport. 

Other studies of alimentary lipemia do not support this view- 
point, however. Iwatsuru (1926) fed olive oil, olive oil with 
cholesterol, and lecithin to rabbits and observed little change in 
corpuscular cholesterol, phosphatides, and fatty acids. The 
rabbit, however, is a herbivorous animal, which does not always 
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react to fat feeding in the same way necessarily as carnivorous 
animals (Sinclair, 1934). Vahlquist (1931) found no change in 
the corpuscular phosphorus soluble in alcohol-ether after meat and 
olive oil or olive oil alone was fed to dogs. It is uncertain, how- 
ever, whether this fraction is composed entirely of lipoid phos- 
phorus. Wendt (1932) found little change in corpuscular phospha- 
tides or cholesterol of men who were fed 100 gm. of olive oil. In 
relation to their body weight, this dosage is much less than the 
amount, 6 ml. per kilo, fed to the dogs in the experiments of Bloor, 
Knudson, Bodansky, and Vahlquist. 

Some studies made with unnatural fats, used as indicators, have 
yielded conflicting results. Artom (1933) and Artom and Peretti 
(1933), after feeding or injecting iodized fats, observed that the 
red cell lipids contained small amounts of iodine, rather more in 
the phospholipids of the red cells than in the plasma. Sinclair 
(1936) pointed out that these results were inconclusive because 
of the small amounts of iodized fatty acids which were recovered. 
In experiments with cats fed elaidin, Sinclair found that whereas 
considerable amounts of elaidic acid entered the phospholipids of 
the blood plasma, none could be detected in the corpuscular 
phospholipids. 

The recent evidence therefore favors the view that the corpus- 
cular phospholipids are not involved in lipid transport. It is 
still uncertain whether cholesterol and non-phospholipid fatty 
acids are also unchanged. It seemed desirable to reexamine the 
effect of fat feeding on the corpuscular lipids of the dog. The 
results of such a study are given and contrasted with data obtained 
from an unusual case of intense diabetic lipemia. 


EXPERIMENTAL 


For the fat feeding experiments, dogs weighing between 13 and 
16 kilos were fed 6 ml. of olive oil per kilo, 20 hours after the 
preceding meal. The dogs had previously received a stock diet 
consisting of Valentine’s meat powder, cracker meal, skim milk 
powder, dried brewers’ yeast, and Mazola. This daily ration 
provides 1000 calories, of which 27 per cent is derived from fat, 
50 per cent from carbohydrate, and 23 per cent from protein. 

At each interval, 30 ml. of blood were drawn from a jugular vein 
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and transferred with minimal exposure to two graduated centrifuge 
tubes, each of which contained 2 drops of a 4 per cent solution of 
heparin (Connaught) in 0.9 per cent NaCl. Heparinized bloods 
from the diabetic patient, a 14 year-old female, were taken at 
random intervals, generally about 4 hours after breakfast. All 
the bloods were centrifuged at 3000 r.p.m. for 1 hour. After the 
percentage of red cells had been noted and most of the plasma 
removed, the remaining plasma and the layer of white cells were 
carefully removed with the aid of suction. Samples of the plasma 
were measured by volume, of the red cells by weight. Cold ex- 
traction with Bloor’s mixture was used for both plasma (Boyd, 
1936, a) and red cells (Boyd, 1936, b). For the intensely lipemic 
diabetic plasmas, the alcohol-ether to plasma ratio was increased 
to 100:1. For other plasma and all red cell samples, the ratios 
recommended by Boyd, 20:1 and 40:1, respectively, were used. 

Total lipids, lipoid phosphorus, free and total cholesterol, and 
iodine numbers were determined, with the slight modifications 
detailed below, in essentially the same manner as described in a 
previous report on liver lipids (Rubin ef al., 1937). Aleohol-ether 
extracts were concentrated to near dryness in vacuo, under nitro- 
gen, at 40° or less, and then resolved in boiling petroleum ether. 
After saponification of an aliquot, under nitrogen, the unsaponifi- 
able material was used for microgravimetric determination of the 
total cholesterol. In the liver work noted above, total cholesterol 
was determined in an aliquot of the alcohol-ether extract. 

In the determination of cholesterol, the lipid mass and precipi- 
tate of cholesterol digitonide were treated with boiling water and 
acetone prior to filtration. The digitonide was then filtered, 
washed with water, acetone, and ether, dried, and weighed. 

Choline was determined by the colorimetric procedure of Beattie 
(1936). In order to conserve material, the determination was 
performed on the alcoholic residue remaining after the extraction 
of the unsaponifiable and fatty acid fractions. 1 ml. of concen- 
trated HCl per 10 ml. of solution was added; the solution was 
refluxed for 1 hour, concentrated to about 5 ml., and then treated 
with saturated Reinecke solution. The reineckate was filtered 
through a small funnel, according to a suggestion by Shohl (1928), 
washed, and dissolved in acetone. The colorimetric readings 
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were taken in a Lange photoelectric colorimeter with a green filter, 
The solution obeyed Beer’s law up to the highest concentration 
used, which was equivalent to 0.5 mg. of choline chloride per ml. 


of acetone. 

Carotene was determined by the procedure of Stueck and Ralli 
(1937), chloride by the open Carius method, and water by drying _ 
to constant weight in tared beakers containing sand. 

Both plasma and red cells were extracted in duplicate for lipid 
determinations. The results given are the means of closely 
agreeing duplicate or triplicate values. 


Results 
Plasma of Diabetic 


The plasma findings in the diabetic patient? are given in Table I. 
The high figures for total lipids (22.97 per cent) and for cholesterol 


! Beattie (1936) used a methy! red solution as an arbitrary standard with 
which the reineckate solution was compared in a visual colorimeter. We 
were unable to find a methy! red preparation which matched well with the 
reineckate, unless a green filter, such as the Wratten No. 74-«, were used. 
The use of the photoelectric colorimeter is more satisfactory, however, since 
it obviates errors arising from the transfer of small volumes of acetone 
solutions. 

* The patient, a 14 year-old female, was admitted to the Third (New York 
University) Medical Division, Bellevue Hospital, in diabetic ketosis. 
She had had diabetes for 4 years and had been treated by diet and insulin, 
the latter averaging about 20 units daily. There had been three previous 
episodes of diabetic ketosis, treated in other hospitals, the last of which was 
in August, 1938. 2 days prior to the present admission, the patient de- 
veloped an upper respiratory infection and vomited several times. She had 
taken very little food during the past 2days. The vomiting did not recur. 
The patient was well nourished and although the breathing was deeper than 
normal, it was not Kussmaul in type. The tongue was dry and there wasa 
strong acetone odor to the breath. The lungs were clear. The heart 
sounds were normal; there were no murmurs and the rhythm was regular. 
The blood pressure was 110/70. The liver could be felt extending below the 
umbilicus. The spleen was not palpable. The temperature was 100.2° F. 
The urine showed both sugar and acetone. The patient was treated with 
infusions of N saline and 5 per cent glucose and repeated injections of 
insulin. The following day the patient was placed on a diet of 240 gm. of 
carbohydrate, 110 gm. of protein, and 48 gm. of fat, divided into five feed- 
ings. The total amount of insulin necessary to keep the patient sugar-free 
varied from 110 to 125 units daily. The liver gradually became smaller and 
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(1.615 per cent) observed on the day of admission to the hospital 
are unusual, although even higher figures have occasionally been 
reported. The relative magnitude of the various lipid fractions 
on the Ist day and the relative rates of decrease in these lipids 
(triglycerides > phospholipids > cholesterol) are in agreement 
with previous descriptions (Bloor, 1921; Geelmuyden, 1928). 

The values for cephalin, calculated as per cent of the total 
phospholipids, were derived from the atomic ratio of choline and 
lipoid phosphorus. They show a drop from 23 to 3 per cent be- 
tween the 13th and 20th days, followed by an apparently gradual 
return to 29 per cent on the 88th day. This curious change may 
have been due to dietary causes, although it is possible that more 
frequent observations might have revealed a greater variation 
within this period. 

The percentage of free in total cholesterol fell, on the 7th day, 
to 31 per cent, which is close to the normal range of 24 to 30 per 
cent found by Sperry (1936). This is noteworthy in view of the 
facts that the total cholesterol was still above 1 per cent and the 
patient’s liver was greatly enlarged. Thereafter, the percentage 
fluctuated between 26 and 32. 

The iodine number of the total fatty acids remained fixed at 75 
through the 5th day, owing to the preponderance of triglycerides. 
It fluctuated thereafter between 79.7 and 99.8. 

Comparison of the total lipids observed as the total petroleum 
ether-soluble material with that calculated by summation of the 
various lipids shows a fairly constant excess in the former, aver- 
aging 115 mg. per 100 ml., with a range of 77 to 150. Differences 
of the same magnitude are apparent even in the more lipemic 
plasmas, but are not represented in Table I because they constitute 
so small a percentage of the total lipids. Since these differences 
may include the summated errors of several determinations, their 
precision is necessarily low. That they are not due to systematic 
analytical errors, however, is indicated by the fact that the per- 
centage ratio of calculated over observed lipids decreases regularly 
from an initial value of 99.6 per cent to values around 90 per cent. 





was no longer palpable on the 16th day after admission. The blood plasma 
of this patient was rather striking in its cream-like appearance. It re- 
mained this way until the lipid content dropped below 5 per cent. 
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The recent work of Folch and Van Slyke (1939) and of Christensen 
(1939) shows that considerable amounts of urea and alkali halides 
are entrained with the lipids when these are resolved in petroleum 


ether. 
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Fic. 1. The relation of carotene to various plasma lipid fractions in 
diabetic lipemia. The ordinates represent percentage concentration of 
individual and total plasma lipids, respectively. 


An interesting relationship between carotene and the phos- 
pholipids is shown in Fig. 1, in which the concentrations of the 
various lipids are plotted against those of carotene. A linear 
relation obtains only between carotene and the phospholipids. 
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The significance of this observation is not clear at present. Barring 
the possibility of coincidence in this case, one might interpret it 
as evidence of a common depot, presumably the liver. 

The presence of large amounts of fat in the plasma introduces 
difficulties in the interpretation of the concentrations of other 
substances, unless the water content is known. Examples are 
given in Table I for the plasma chloride values. When the total 
lipids are plotted against water, a straight line is obtained, indi- 
cating that the water concentration is independent of the composi- 
tion of the lipid mixture. 


Taste II 
Red Blood Cell Lipids of Diabetic Patient 


All values are expressed in mg. per 100 gm. of red cells, unless otherwise 
noted. 


Day : sh . | a Ts |Atomic = 
Total Cholesterol | Total | Phos- : Tri- | 
of ob- Hema- | hei ratio, | Ceph- | Total 
lasma Se | | fatty | pho- | Choline | : ep 1 £0 
ae Nipids tocrit Free | Total a upids* mesons — alint bse — 
mg. per cent | mM per per 
100 ml. red | cent cent 
cells 
2§/| 15,160 | 35 98 | 100 | 217 | 228 | 0.153 | 0.49 | 51 68 | 396 
13 2,580 | 36 98 | 101 | 160 | 195 | 0.137 | 0.51 49 32 | 328 














27 1,420 | 35 4 | 97 | 158 | 212 | 0.134 | 0.46 | 54 | 18 | 327 
102 1,547 | 45 | 110 | 107 | 168 | 197 | 0.144 | 0.53 | 47 | 39 | 343 




















* Lipoid P X 23.5. 

t Caleulated as per cent of total phospholipids. 
t Total lipids = phospholipids + total cholesterol + triglycerides, 
§ Red cells on this day were washed once with 1.1 per cent KCI. 


Red Blood Cells of Diabetic 


Data for the red blood cells of the same patient are given in 
Table Il. These show little change in any of the lipids studied. 
The triglycerides present the greatest relative variation, which is 
due both to the low concentration and the fact that the values 
are derived by difference from the other lipids. The figures for 
free and total cholesterol, phospholipids, and total fatty acids 
fall within the range given by Erickson ef al. (1937) for normal 
children but are somewhat lower than Boyd’s (1936) figures for 
normal adults. A notable difference is that the data in Table Il 
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show the complete absence of esterified cholesterol from the red 
cell; Erickson et al. found an average of 34 mg. per 100 gm., while 
Boyd found 28 mg. per 100 ml. Cephalin (Table II) constituted 
50 + 2 per cent of the phospholipids, which is in fair agreement 
with the average values of 56 and 60 per cent found by Williams 
et al. (1938) and Kirk (1938), respectively, in human red cells. 


Blood Lipids of Dogs after Fat Feeding 


Plasma—Typical protocols are given in Table III of the plasma 
and red cell lipids of two dogs after a single feeding of olive oil, 6 
ml. per kilo. The plasma lipids show moderate increases in phos- 
pholipids and triglycerides but no changes in free or total cho- 
lesterol. The cephalin figures present slight, irregular variations 
which may be due to analytical causes. 

Red Blood Cells—Consideration of Table III shows little or no 
change in any of the lipid entities. 

Of the alcohol-ether-extracted phosphorus, 96 + 2 per cent was 
recovered in the petroleum ether solution. This observation 
supports the validity of Vahlquist’s use of the alcohol-ether-ex- 
tracted phosphorus as a measure of phospholipids. We have been 
unable to find any other reference to this point, except in the paper 
by Williams ef al. (1938), who mention, without detailing the data, 
that, “Evaporation under nitrogen at reduced pressure and below 
50° resulted in average recoveries of 80, 90, and 93 per cent of the 
alcohol-ether phosphorus by petroleum ether, of plasma, erythro- 
cytes, and erythrocyte stroma respectively.” 

As in the case of the diabetic patient, the values for free and total 
cholesterol agree within the possible limits of analytical error and 
point to the absence of cholesterol esters from the red cell of the 
dog as well. 


DISCUSSION 


Both physical and chemical evidences have been adduced re- 
cently to show that the red blood cell lipids are present as struc- 
tural elements. From a consideration of the optical polarization 
properties of the envelope, Schmitt, Bear, and Ponder (1938) 
concluded that the lipids are concentrated in the envelope. Erick- 
son et al. (1937-38) found 89 to 100 per cent of the lipids of human, 
bovine, and sheep erythrocytes in the stroma of these cells. 
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It has been shown in the present paper that the concentrations 
of the various corpuscular lipids remain unchanged both in the 
persistent and in the transitory lipemia. These results are in 
harmony with the view that the red cell lipids are structural 
components which do not participate in the transport or metab- 
olism of fat. 

It is difficult to ascertain the cause of the differences between 
our results on dogs fed olive oil and those reported by Bloor, 
Knudson, and Bodansky. Aside from differences in the tech- 
niques of fat analysis, a possible cause may lie in the fact that 
they estimated the red cell lipids indirectly from values for whole 
blood and plasma. Boyd (1936, c) has shown that the values 
for corpuscular lipids obtained by the indirect method are more 
variable than those found by the direct method. 


SUMMARY 


Analyses are given of the plasma and red blood cell lipids in a 
case of persistent human diabetic lipemia and in alimentary lipemia 
of dogs. The total plasma lipids of the diabetic decreased from an 
initial value of 23 per cent to about 1.2 per cent over a period of 
137 days. The changes in free and total cholesterol, total phos- 
pholipids, triglycerides, and the iodine number of the total fatty 
acids were similar to those described in the literature. A linear 
relation was noted between the plasma carotene and phospholipid 
concentrations. 

After the ingestion of large doses of olive oil, dogs showed 
moderate increases in the plasma phospholipids and triglycerides, 
but no change in free or total cholesterol. 

Both in the diabetic patient and in the dogs, the corpuscular 
lipids remained unchanged and within normal limits, from which 
it is concluded that the red cells are inert both in persistent and 
in transient lipemia. 
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BIOCHEMICAL CHANGES ASSOCIATED WITH ONSET 
OF SECRETORY ACTIVITY IN THE METANEPHROS 
OF THE FETAL PIG. THE CYTOCHROME OXIDASE- 
CYTOCHROME SYSTEM AND OXIDATION-REDUC- 
TION POTENTIALS 


By LOUIS B. FLEXNER 
(From the Department of Anatomy, the Johns Hopkins University, Baltimore) 


(Received for publication, September 27, 1939) 


The fetus, or young animal, offers the opportunity of correlating 
with the first appearance of function in an organ the changes which 
occur at that time in the chemical systems of its constituent cells. 
In addition to its embryological interest, such an approach may 
yield information relating to the part played by various systems 
in the function of the organ. The chorioid plexus has been studied 
in this way (5). The investigation has now been extended to the 
permanent kidney of the fetal pig, with the object of observing 
those alterations which occur in the cytochrome oxidase-cyto- 
chrome system and in oxidation-reduction potentials when inac- 
tive nephrons change to secretory organs. 

The development of the metanephros can be briefly reviewed 
by reference to Fig. 1. The collecting tubules bud and push ahead 
of them the metanephrogenic tissue. Metanephric spheres and 
vesicles develop from this nephrogenic tissue. That portion of 
the vesicle directed towards the renal pelvis gives rise to Bowman's 
capsule which is invaded by capillaries to form the glomerulus; 
the tubules develop from the peripheral portion of the vesicle. 
The young nephrons pass through an S-shaped stage to give a 
somewhat older form still lacking a loop (Fig. 1, A). Thereafter 
a loop forms between the proximal and distal tubule; in its early 
stage this loop is known as Stoerck’s loop (Fig. 1, B); in its later 
stages, as Henle’s loop (Fig. 1,C). The youngest nephrons of 
the developing kidney are those at the periphery; the oldest, 
those placed centrally. 
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Using the secretion of phenol red as an indicator of function, 
Gersh (7) has shown that the structures of the metanephrogenic 
zone are inactive, while the proximal tubules immediately beneath 
are active and secrete the dye. The present investigation, conse- 
quently, has been concerned with those changes which occur be- 
tween the metanephrogenic zone and the young functional tubule, 
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Fig. 1. Distribution of the cytochrome system, as revealed by the nadi 
reaction, in different portions of the metanephros. The meaning of the 
shading is given in the diagram. 0 to tr. means the reaction is absent, or 
present at most in a trace; 1+ through 12+ indicate increasing intensities 
of the reaction. The fetal tubules have been drawn in part by reference to 
the figures of Corning (2), Felix (3), and Peter (9). 


and the further changes to be found with development of the loop 
of Henle. 


EXPERIMENTAL 


Fetal pigs, obtained from a slaughter-house under conditions 
previously described (4), have been used as a source of material. 
All the observations were made upon thin, free-hand tissue slices 
cut transversely from the kidney. For study of the nephrogenic 
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zone, of the young tubules, and of oxidation-reduction potentials 
on the collecting tubules, kidneys were taken from fetuses of 
crown-rump length of 3 to 7 em.; fetuses of crown-rump length of 
17 to 25 cm. were used for the older nephrons with loops of Henle. 
The first portion of the proximal convoluted tubule was identified 
by its connection with the glomerulus; the terminal portion by its 
characteristic shape and its connection with the thin descending 
loop of Henle. Portions of the proximal convoluted tubule be- 
tween these two portions could not be identified with certainty 
and so no observations were made upon them. The distal con- 
voluted tubule was identified by its connections with the collecting 
tubule and with the ascending limb of Henle’s loop in the later 
stages. 

Cytochrome Oxidase-Cytochrome—The presence of this system 
(8, 12) was tested for with dimethyl-p-phenylenediamine and 
a-naphthol, the nadi reagent. The test, as usually performed, 
consists of covering a slice of tissue placed upon a slide with a 
shallow layer of 0.01 m reagent adjusted to a pH between 7.2 and 
7.4, and of judging the intensity of the reaction, which yields 
indophenol blue, by microscopic examination. This method, 
alone, is open to the criticism that differences in intensity of reac- 
tion may be due, not to variations in concentration of the enzyme 
system, but to variations in the rate of penetration of the reagent 
into different types of cells. To meet this objection, tissue was 
placed for from 3 to 5 minutes in nadi reagent freed of oxygen, the 
excess reagent washed from the tissue, and the formation of indo- 
phenol blue in air then followed with the microscope. The results 
obtained by the second method did not differ from those of the 
first. If the tissue be left in the reagent in absence of oxygen for 
as long as 15 minutes, subsequent formation of indophenol blue 
in air is inhibited. This observation permits a further variation 
of the standard nadi technique and offers another opportunity to 
verify quantitative deductions. For under these conditions, com- 
plete inhibition occurred first in those cells which have a low con- 
centration of the cytochrome system as determined by other 
methods. 

Two further precautions were taken when the reaction was weak 
or negative. The presence of reagent within the cells in such 
instances was demonstrated by flooding the tissue with ferri- 
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cyanide; indophenol blue was then to be seen where it had pre- 
viously been absent. To rule out the possibility that an appar- 
ently negative reaction was due to reduction of indophenol blue 
to indophenol white by reducing systems of the tissue, the tissue 
slice was placed in ferricyanide, the excess ferricyanide washed out, 
and the tissue then placed in the nadi reagent. The estimation of 
relative concentrations of the cytochrome system was not affected 
by this procedure. In spite of these several precautions, the judg- 
ment of the observer is taxed in making comparisons between cells 
which differ widely in size. In the kidney, this difficulty is met 
in the thin cells which make up Bowman’s capsule and the descend- 
ing limb of Henle’s loop. 

The results obtained with the nadi reagent are presented in 
Fig. 1. All the structures of the metanephrogenic zone gave a 
weak reaction; here the reaction in the stroma was equal to or 
only slightly less intense than the reaction in the metanephric 
tissue and in the prefunctional S-shaped tubules. There was a 
striking change in the young functional tubules and in the stroma 
about them. The epithelial cells of these tubules gave an intensely 
positive reaction; the reaction in the stroma, unlike that of the 
nephrogenic zone, was negative. No differences in reaction of 
different portions of the tubule were seen at this stage nor in the 
stage with a loop of Stoerck. Further changes in the reaction 
occurred with the appearance of a well differentiated loop of Henle 
(Fig. 1,C). The terminal portion of the proximal tubule in these 
older nephrons gave a diminished reaction. The descending limb 
of Henle’s loop gave a reaction apparently distinctly less intense 
than the ascending limb. The reaction was absent, or almost so, 
in Bowman’s capsule throughout the functional zone. The cells of 
the collecting tubules gave only a feeble reaction. 

Oxidation-Reduction Potentials—The potentials of the structural 
units of the kidney were determined supravitally (6, 11) by flood- 
ing the tissue slice, spread on a slide, with a very dilute solution 
of an oxidation-reduction indicator. After the cells had become 
tinted to the appropriate degree, the excess indicator was washed 
away. The extent of reduction of the indicator remaining in the 
tissue was estimated by comparisons of color intensity made before 
and after reoxidation with ferricyanide (1). Care was taken to 
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use minimal quantities of indicator. Some of the dyes penetrated 
into the epithelium only with difficulty. In such instances, for 
reasons not yet clear, it was found that an adequate concentration 
for observation could be obtained by first placing the tissue, flooded 
with indicator, in Nz. Aerobic potentials were checked against 
potentials in O, in all instances. With thin slices of tissue, poten- 
tials, so far as could be observed, were the same in air and Oy. 
In the ciliary body (6) and chorioid plexus ferricyanide produced 
a sudden increase of color in the reduced indicators; in the epi- 
thelium of the kidney, the color increase was a gradual one. This 
added to the difficulty of measurement. It is believed that the 
error of determination of the potentials lies within +0.02 volt. 
Critical observations were checked by at least two observers. 

The results of these measurements are shown in Table I. As 

can be seen in Table I, all the structures of the metanephrogenic 
i zone (metanephrogenic tissue, metanephric spheres and vesicles, 
and the stroma) had the same potential, +0.03 volt. With on- 
set of secretory activity in the young functional tubule, the 
potential of the epithelium of the proximal and distal portions of 
these tubules rose to +0.10 volt. Further development of the 
tubule to a form with a loop of Henle was accompanied by an 
increase in the potential of the epithelium of the distal convolution 
to +0.21 volt. The first portion of the proximal convoluted 
tubule at this stage had a potential of +0.10 volt; the terminal 
portion, a potential of +0.05 volt. The potential of the stroma in 
the functional portions of the metanephros was —0.13 volt and 
this potential could not be distinguished from that of the epithe- 
lium of the collecting ducts. 

It will be noted that no potentials are given for the cells of 
Bowman’s capsule or for those of the loop of Henle. Such meas- 
urements have been attempted but unsuccessfully; the observa- 
tions were irregular and not reproducible. A probable explana- 
tion is that because of the very thin cells involved, such large 
concentrations of indicators were necessary for adequate staining 
that they swamped the cellular oxidation-reduction systems. It 
is also to be noted that young fetuses were used for the observa- 
tions on the collecting tubules; these determinations became con- 
siderably more difficult in older animals. 
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DISCUSSION 


Oxidation of the nadi reagent is catalyzed in tissues by the 
system, cytochrome oxidase (indophenol oxidase)-cytochrome C, 
and by the autoxidizable cytochrome B (8, 12). These catalysts 
are referred to collectively here as the cytochrome oxidase-cyto- 
chrome system. 

In the presecretory stages of the metanephros, this system is 
equally, or almost equally, distributed between the epithelium 
and the stroma. Onset of secretory activity in the young func- 
tional tubule is accompanied by a striking increase in the concen- 
tration of the cytochrome oxidase-cytochrome system in the epi- 
thelium and its disappearance from the stroma. It is likely that 
the increase in O, consumption which accompanies increase in 
functional tissue in the metanephros (4) finds its explanation at 
least in part in this increase in concentration of the cytochrome 
system. It seems probable too that the presence of the cyto- 
chrome system in the stroma of the metanephrogenic zone is due 
to leakage of the enzymes from the prefunctional epithelial cells; 
i.e., the cell membrane of the prefunctional epithelium, unlike 
that of the functional epithelium, is permeable to cytochrome 
oxidase and cytochrome. 

The distribution of the cytochrome system in the various parts 
of the functional nephron and in the collecting tubules is of interest 
when correlated with the ability of these parts to perform thermo- 
dynamic work. In Bowman’s capsule, which has been so well 
shown (10) to have no secretory function, the enzyme system 
appears to be present in no more than a trace. Its concentration 
in the collecting ducts is also low. The secretory, tubular por- 
tions of the nephron, by contrast, have a high concentration of 
the enzyme system. The variations in concentration described 
for different portions of the tubule can as yet be given no func- 
tional interpretation. 

The significance of oxidation-reduction potentials measured by 
indicators in the presence of O, has already been discussed (6, 11). 
They are to be regarded as steady states determined by a balance 
between the rates of oxidation and reduction and are not to be * 
considered due to thermodynamic equilibria. 

Within the limits of accuracy of the method the epithelial 
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structures and the stroma of the metanephrogenic zone have the 
same potential in Oz and air. Onset of secretory activity is 
accompanied by an increase in the potential of the epithelium 
of the young functional tubule and a decrease in the potential of 
the stroma about it. By virtue of these changes a difference of 
potential of the order of 200 millivolts is established between the 
epithelium of the tubule and the stroma. The changes in oxida- 
tion-reduction potentials which accompany further development 
of the nephron, as in the case of the cytochrome system, cannot 
at the moment be given a functional meaning. The equality of 
potentials of the epithelium of the collecting tubules and the 
stroma is of immediate interest, however. This observation 
together with those made upon the nephrogenic zone suggests the 
thesis that no potential difference (or at most a relatively small 
one) exists between the epithelium of non-secretory portions of 
the metanephros and the stroma; whereas a considerable dif- 
ference exists between the stroma and secretory epithelium. It 
is not possible at the present time to relate these potentials to the 
potentiometric measurements of Wilbrandt (13) on the kidney 
tubules of Necturus. 

These observations do not fit into any known mechanism 
whereby the kidney produces work for its secretory activity but 
they may prove to be related to a secretory mechanism of the 
kind first postulated for the ciliary body (6) and then for the 
chorioid plexus (11). They are perhaps more immediately sug- 
gestive from the view-point of embryogenesis, for the same changes 
in the cytochrome system and in oxidation-reduction potentials 
described here for the metanephros were observed with onset of 
secretory activity in the fetal chorioid plexus (5). It remains to 
be seen whether these changes are general ones in the develop- 
mental history of secretory organs. 


SUMMARY 


The onset of secretory activity in the metanephros of the fetal 
pig is accompanied by the following changes. 

1. In the presecretory structures of the metanephros, cyto- 
chrome-cytochrome oxidase activity (nadi test) is feeble and is 
equal in epithelium and stroma. In secretory structures, this 
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activity increases markedly in the epithelium and is absent from 
the stroma. 

2. In the presecretory structures there is no measurable oxida- 
tion-reduction potential difference between epithelium and stroma. 
With onset of secretion, a potential difference of the order of 0.200 
volt develops between them. 

Cytochrome-cytochrome oxidase activity is absent or almost so 
in Bowman’s capsule and is low in the epithelium of the collecting 
ducts. No potential difference was observed between the epithe- 
lium of the collecting ducts and the stroma. 


It is a pleasure to express my gratitude to the Wm. Schluder- 
berg-T. J. Kurdle Company for the fetal material. 
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THE CREATINE, PHOSPHORUS, AND COLLAGEN CON- 
TENT OF DIFFERENT SECTIONS OF THE DOG 
HEART* 


By HARVEY E. ALBURN anv VICTOR C. MYERS 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland) 


(Received for publication, October 16, 1939) 


In previous chemical work on the heart from this laboratory 
(1, 2), samples were selected which were considered to represent, 
as truly as possible, pure cardiac muscle from the left and right 
ventricles. To validate this work and for future work on normal 
and pathological hearts, it seemed desirable to determine what 
differences in chemical composition exist in different sections of 
the individual ventricles. 

For this purpose, the creatine, total inorganic, total acid-soluble, 
and total phosphorus concentrations have been determined in 
seven different areas of eight dog hearts. In addition, to ascertain 
whether any differences exist in the amount of connective tissue, 
the collagen content of the muscle in these same areas has been 
determined in two hearts. 

The location of the samples used and the sample numbers were 
as follows: (1) the ventral half of the right ventricle; (2) the dorsal 
half of the right ventricle; (3) the medial portion of the inter- 
ventricular septum; (4) a square section of the left ventricular 
wall adjacent to the dorsal end of the septum and extending from 
the base of the ventricle half way to the apex; (5) a square section 
just apical to Sample 4 extending almost to the apex; (6) a square 
section of the lateral left ventricular wall containing the middle 
third of its length from the base to the apex, just dorsal to the 


* Aided by a grant from the Josiah Macy, Jr., Foundation. 

The data are taken in part from a thesis submitted by Harvey E. 
Alburn to the Graduate School of Western Reserve University, June, 1938, 
in partial fulfilment of the requirements for the degree of Master of Arts. 
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interventricular branch of the left coronary artery; (7) a circular 
section around the apex. 

The samples were carefully trimmed of epicardium and endocar- 
dium, and of all visible fat, blood vessels, and connective tissue. 
The tissue was cut, trimmed, and minced in a humidor to prevent 
evaporation. 

Creatine was determined by a previously described modification 
(1, 2) of the method of Rose, Helmer, and Chanutin (3). Total 
inorganic phosphorus (an arbitrary fraction consisting of the 
directly determinable phosphorus in a trichloroacetic acid filtrate 
made from tissue which had stood for approximately an hour 
post mortem), total acid-soluble, and total phosphorus were 
determined by the method of Fiske and Subbarow (4). Collagen 
was estimated by the method of Spencer, Morgulis, and Wilder 
(5). The hearts used were from experimental animals which were 
killed by asphyxia. Analysis was begun immediately after death 
on six hearts; the others were kept frozen in the refrigerator until 
analysis could be made. 

The average values and mean deviations for the concentrations 
of creatine and the phosphorus fractions in eight hearts are given 
in Table I. It is apparent that the concentrations in the samples 
in the individual ventricles are in close agreement. Also, the 
values for the septum and apex, which are made up of the same 
muscle bundles as the more central part of the left ventricle, are 
almost indistinguishable from those for the left ventricle. As 
shown by the mean deviations, the hearts varied somewhat in 
the concentrations of creatine and phosphorus, but, within the 
ventricles of the individual hearts, the values were in close agree- 
ment. Statistically, considering the creatine and phosphorus con- 
centrations of the individual hearts, the average deviation of the 
samples of the right ventricle from the mean of each ventricle was 
2.35 per cent, while in the left ventricle (Samples 4, 5, and 6) it 
was 1.67 per cent. Since these deviations are within the experi- 
mental error, we may assume that, as far as can be determined by 
these constituents, the heart muscle within a ventricle is of quite 
uniform composition and that any carefully trimmed sample 
through the ventricular wall will represent the whole ventricle. 

The left ventricle contained a higher concentration of all of 
these constituents than the right ventricle. The differences were 
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7.3 per cent of creatine, 9.7 per cent of total inorganic phosphorus, 
11.0 per cent of total acid-soluble phosphorus, and 8.4 per cent of 
total phosphorus, with the left ventricle as the standard of refer- 


TaBie | 
Creatine and Phosphorus Content of Different Areas of Dog Heart 
Average values and mean deviations of eight hearts expressed in mg. per 
100 gm. of fresh tissue. 


























sel Section of heart | | Creatine Total in, eae Total P 
— al Na 

1 Right ventricle Average | 268 85 100 207 
| M. D. 27.3 | 16.8 19.9 31.3 

2 - 35 | Average 268 89 107 203 
| M.D. | 25.5 | 12.5 20.4 24.1 

3 | Septum | Average | 282 97) =| «7 216 
| M.D. 144.0 | 11.3 | 138.5 14.9 

4 | Left ventricle | Average 284 96 116 223 
| | M.D. 14.8 8.0 10.1 15.3 

a e | Average | 293 97 116 226 
| M.D. 6.9 8.5 10.4 | 14.9 

6 | as - | Average 289 96 117 222 
| M. D. | 9.3 7.5 10.0 14.0 

7 | Apex | Average | 287 95 lll =| 222 
| | M. D. 10.5 10.4 12.6 19.7 

Taste Il 


Collagen Content of Dog Cardiac Muscle 


The results are expressed as mg. of collagen nitrogen per 100 gm. of 
fresh tissue. 











Sample No.* ena = i “ae oe 4 | 5 6 7 
ES | 417 | 433 | 350 | 386 | 309 | 360 | 397 
MESO \svias in e-eal | 473 | 473 | 464 | 448 | 447 | 447 | 500 














Average............. ...| 445 | 453 | 407 | 417 | 423 | 404 | 449 





* See description in the text. 


ence. The difference in creatine between the two ventricles is 
the same as that found by Linegar, Frost, and Myers (2) in thirty- 
three dog hearts (7.3 per cent). This difference is much smaller 
in the dog than in the human heart, as shown by the work of See- 
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cof, Linegar, and Myers (1), who, in a study of 95 human hearts, 
found a difference of 28.4 per cent. 

The collagen nitrogen content of the same seven areas in two 
hearts is given in Table II. The amount of connective tissue as 
indicated by these figures was remarkably constant in the indi- 
vidual ventricles of one heart, while in the other heart there was 
some variation. The average value for the left ventricle of 415 mg. 
of collagen nitrogen per 100 gm. of fresh tissue represents 2.4 gm. 
of collagen per 100 gm. or approximately 12 per cent of the total 
solids of the tissue. As might be expected, the right ventricle 
and the apex contained the largest amounts of collagen, the average 
of the right ventricle being 8.2 per cent higher than that of the 
left. ventricle. 

A further study is being made of the relation of the amount of 
connective tissue and the amounts of intracellular and extracellular 
phase to the concentrations of creatine and phosphorus in the 
ventricles. 


SUMMARY 


Analysis of samples from seven different areas of eight dog hearts 
for creatine, total inorganic, total acid-soluble, and total phos- 
phorus and of two hearts for collagen nitrogen showed the concen- 
trations of all of these to be quite uniform within the individual 
ventricles. 

The left ventricle averaged 7.3 per cent higher in creatine and 
9.7, 11.0, and 8.4 per cent higher, respectively, in the three phos- 
phorus fractions. The right ventricle contained 8.2 per cent more 
collagen nitrogen. 
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CHANGES IN THE CHLORIDE DISTRIBUTION BETWEEN 
RED BLOOD CELLS AND PLASMA DURING THE 
COURSE OF THE GENERAL ADAPTATION SYNDROME 


By 8. KARADY, H. SELYE, anv J. 8. L. BROWNE 


(From the McGill University Clinic, Royal Victoria Hospital, and the 
Department of Anatomy, Histology, and Embryology, McGill 
University, Montreal, Canada) 


(Received for publication, August 3, 1939) 


It has been shown previously that, if an organism is exposed to 
any of a variety of damaging agents, it shows certain morphological 


and physiological reactions which form essentially the same 


syndrome irrespective of the particular agent which produces the 
damage (1). This reaction to damage has been termed “the 
general adaptation syndrome.” The first stage of this syndrome 
is observed in the first 24 to 48 hours following the exposure to 
the damaging agent and is termed the “alarm reaction.” For 
the purpose of this paper only two of the numerous changes taking 
place during this stage need be mentioned. They are decreases 
in blood volume and in whole blood chlorides (2). If treatment 
of the animal with the same damaging agent is continued at the 
same dosage level, after about 10 days in the case of the rat, the 
second stage of the syndrome, termed “the stage of resistance” 
is reached. At this time the signs and symptoms of the alarm 
reaction have disappeared and the animal has become resistant 
to the particular damaging agent employed. During this stage 
the blood volume and whole blood chlorides were found to be 
increased above normal. Thus the values do not merely return 
to normal levels but the direction of their deviation from normal 
is actually reversed during this stage. If treatment is continued 
for a still longer period, the symptoms of the first stage return 
and the animal dies shortly after. This is termed the “stage of 
exhaustion.”’ 

It has been generally accepted that the distribution of chlorides 
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between plasma and red cells is relatively constant and shows no 
marked change with variations in the total chloride concentration, 
that determinations of whole blood chlorides are of little value in 
studying abnormalities of blood electrolyte concentrations, and 
that the determination merely reflects roughly the proportion of 
cells to plasma. The effect of changing CO, tension upon distri- 
bution of chlorides between cells and plasma is well known, but 
under ordinary circumstances the changes are relatively small. 
It has been deemed sufficient to determine the plasma chlorides 
when it is desired to obtain evidence concerning chloride metab- 
olism and Gram (3) has shown that it is possible to estimate 
roughly the chloride concentration of plasma from that of whole 
blood when the cell volume is known. This all involves the 
assumption that the ratio Cl.:Cl, is relatively constant. For 
normal oxalated blood Wu (4) found by direct analysis that this 
ratio varied from 0.43 to 0.53 with an average of 0.50. Gram 
(3) for defibrinated human blood found it to be 0.52 to 0.58. 
Investigations by Lévy and Mignon (5), Karady (6), and Cha- 
banier and Lobo-Onell (7) showed that under various pathological 
conditions the distribution of chlorides between red cells and 
plasma may change and that the ratio Cl.:Cl, may deviate con- 
siderably from the normal value. They regard this ratio as a 
sensitive index of the chloride metabolism of the organism, since 
changes may occur in it in many cases while the plasma chloride 
concentration is still within the limits of normal variability. 

In view of the above findings and in order to obtain more 
accurate information regarding changes in blood chlorides during 
the adaptation syndrome it was decided to undertake a detailed 
study of the plasma and whole blood chlorides, hematocrit read- 
ing, hemoglobin concentration, and plasma volume (8). Previous 
determinations (2) of blood volume during the adaptation syn- 
drome had been made by exsanguinating the animals and measuring 
the amount of blood obtained. This is a mere approximation 
and it was thought desirable to repeat the determinations by a 
more precise method. 

This indirect method of calculating the red cell chlorides and 
hence the ratio Cl.:Cl, places all the errors of the determinations 
on the calculated value. This is discussed in Peters and Van Slyke 
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(9). If their discussion is applied to the present case, in Table IV 
(Group A), where the control values are Cl, 288 mg. per cent, Cl, 
364 mg. per cent, and hematocrit 42 volumes per cent, an error 
of +1 mg. per cent in the Ch, of +1 volume per cent in the 
hematocrit, and an error of —1 mg. per cent in Cl,, all occurring 
simultaneously, would increase Cl, from 183 mg. per cent to 200 
mg. per cent and Cl,:Cl, from 0.50 to 0.55. The relatively slight 
spread in the control values in Tables IV to VI, as indicated by the 
low standard deviation, indicates the probable absence of gross 
methodic errors. 


Methods 


Rats of hooded strain of both sexes weighing 145 to 200 gm. 
were used. In the first group of experiments the rats were killed 
at the time the determinations were made and chlorides were 
determined by the macromethod of Rusznyak (10), which is 
similar to that of Eisenman (11). The animals were anesthetized 
with ether, blood was drawn from the jugular vein, the dye for 
the plasma volume determination was injected, and a second 
sample taken 5 minutes after the injection of the dye. The ab- 
domen was then opened and blood removed from the inferior vena 
cava for the chloride determinations. No oxalate was used, the 
blood being pipetted directly into flasks for the whole chloride 
determination; the rest of the blood was allowed to clot and the 
serum separated by centrifugation. 1 cc. amounts were used for 
the determinations. The hemoglobin concentration was de- 
termined by the Evelyn photoelectric colorimeter and the plasma 
volume by a modification of the method of Gibson and Evelyn (12). 
In the second group repeated determinations were made on the 
same animal during various stages of the experiment. No anes- 
thetic was used and blood was drawn from the tail vein, first for 
the hematocrit determination directly into the pipette and then 
into a small vessel céntaining dried sodium oxalate; blood was 
removed for whole blood chloride determinations, and the plasma 
was then separated by centrifugation in small glass tubes closed 
at both ends. Chlorides were measured by the micromethod of 
Rusznyak (10) with an amount of 0.1 ce. for each determination. 
The hematocrit was also determined in this group but hemoglobin 
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and plasma volume determinations were not made. In both 
groups the animals were always fasted 24 hours before the blood 
was taken. 

The agents with which the adaptation syndrome was elicited 
were formaldehyde, cold, and muscular exercise. Formaldehyde 
was injected subcutaneously in doses of 0.5 cc. of a 4 per cent 
solution twice daily; the animals exposed to cold were placed in an 
ice box having a temperature of 1° for 24 hours and those exposed 
to muscular exercise were forced to run three times daily for 1 hour 
periods in drum cages having a diameter of 12 inches and revolving 
at a rate of 18 to 22 revolutions per minute. The chlorides were 
expressed as mg. of chloride per 100 ec. of plasma, etc., and plasma 
volume was calculated as cc. per 100 gm. of body weight and ex- 
pressed in the experimental groups as percentage deviation from 
the average normal value. The red cell chlorides were calculated 
from the whole blood and serum or plasma chlorides, and from the 
hematocrit readings. 


EXPERIMENTAL 


As has been stated above, in the first group of experiments the 
large amount of blood necessary for the various determinations 
made it impossible to use each animal more than once. Groups 
of animals were therefore killed 24 hours after the beginning of 
treatment, when the morphological signs of the first stage of the 
adaptation syndrome are well developed, and after 12 days treat- 
ment with the same agent, at which time the stage of resistance 
has been reached, as determined in numerous previous experi- 
ments. The animals were killed immediately after being taken 
out of the ice box or running cage and 1 hour after the last injec- 
tion of formaldehyde so as to allow time for the absorption of the 
latter. The figures in Table I represent the average for all the 
rats in each group. 

In Table I (Group A) the average northal control values are 
given. The hematocrit, plasma volume, and hemoglobin values 
agree well with the average from a much larger series of determina- 
tions made in connection with other experiments which are not 
reported here. At the end of 24 hours treatment with formalde- 
hyde, as shown in Table I (Group B), the whole blood chlorides 
have fallen 38 mg. per cent, the serum chlorides have risen 30 
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mg. per cent, the hematocrit has risen 15 points, and the red blood 
cell concentration has fallen by 46 mg. per cent and the ratio 
Cl.:Cl, to the low value of 0.33. The changes in plasma volume 
and hemoglobin together with those in the hematocrit indicate 
marked hemoconcentration. In spite of the increase in serum 
chloride the total amount of chloride in the blood has decreased 
and this decrease is greater than can be accounted for on the basis 
of the increase in hematocrit, indicating a shift of chlorides out of 
the red cells. The findings at the end of 12 days treatment (Table 
I, Group C) are entirely different. The serum chlorides are 


TaBie | 
Effect of Treatment with Various Damaging Agents on Blood Chlorides 





No. 





























Group ot | ce | Ch | rr. mp [ae Fieme 
mals 
| mg. | mg. mg. pe vol, 
per | per | per cent | PO, |per cent 
| | one cent cent cent 
A. Normal controls.......| 18 | 268 | 340|170/0.5 |100| 42| 4° 
B. Formaldehyde, 24hrs..| 6 | 230 | 370 | 124 | 0.33 | 135 | 57 | —26 
C. z i2days) 6 | 280 | 336 | 195|0.58| 95) 40| +6 
D. Cold, 24 hrs........... | 6 | 250 | 355 | 141 | 0.39 | 116 | 49 | —13 
E. “ i2days..........| 6 | 305 | 335 | 255/0.76| 82] 38| +7 
F. Exercise, 24 hrs.. 6 | 200 | 345 | 222/ 0.64/ 105 | 45| —6 
G. sas 12 days 6 | 205 | 335 | 227 | 0.67 71) 37) +4 











* Measured in cc. per 100 gm. of body weight. 


normal, the whole blood chlorides have increased above the 
normal control by 12 mg. per cent, and the red cell chlorides by 
25 mg. per cent. The plasma volume is slightly above normal; 
the ratio Cl.:Cl, is 0.58. The changes here are in the opposite 
direction to that seen after the first 24 hours. 

In the case of the animals treated with cold (Table I, Group D), 
there is after 24 hours a definite decrease in the concentration of 
chlorides in the red blood cells, the ratio Cl,:Cl, being 0.39. 
In keeping with the milder general effect of this damaging agent 
as compared with formaldehyde the hemoconcentration is less 
marked. The serum chloride increased 15 mg. per cent and the 
red cell concentration decreased 29 mg. per cent. After 12 days 
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treatment with cold (Table I, Group E), when the stage of re- 
sistance has been reached, the degree of reversal of the changes as 
compared to those seen after 24 hours is more marked than in the 
case of formaldehyde. The hematocrit reading and hemoglobin 
concentration are slightly below and the plasma volume slightly 
q above normal. The serum chloride is normal, the whole blood 
chloride is 37 mg. per cent, and the red cell chloride 85 mg. per 
-cent above normal, the Cl,:Cl, ratio being 0.76. This is a very 
marked change which is quite undetectable on the basis of the 

serum chloride determination. 
It is seen that while the changes in the determinations made at 
24 hours are more marked in the case of formaldehyde and those at 
12 days more marked in the case of cold the direction of the changes 
ti is the same after these two entirely different stimuli. 24 hours 
. after exposure to muscular exercise (Table I, Group F) there is 
slight increase in hematocrit and a slight decrease in blood volume, 
less marked than in either of the previous two groups. In contrast 
to these groups the whole blood and red cell chlorides show an 
increase instead of a decrease at the 24 hour period. The values 





ie for chlorides after 12 days treatment are practically the same as 
bE they were after 24 hours. However, the hematocrit and hemo- 
i globin values have decreased and the plasma volume has increased 


as they did after 12 days in the other two groups. 

These findings confirm previous work in which it was shown that 
G among a large number of damaging agents used to elicit a general 
adaptation syndrome, muscular exercise was the only one which 
caused an initial rise in whole blood chlorides instead of the usual — 
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fall (2). 
} +] In view of the reversal of effect on blood chlorides after 12 days 
ial continuous treatment it seemed of interest to follow the changes 
i occurring during recovery from exposure to the damaging agent 
Rt for 24 hours only. A group of rats was treated with formaldehyde 


q as before but 3 hours instead of 1 hour were allowed to elapse be-’ 
. tween the last injection and the killing of the animal. Another* 
group was allowed a recovery period of 24 hours after the last 
injection. The results are shown in Table II (Groups A and B). 
It will be seen that after 3 hours the red cell chlorides are still low, 
. as they were after 1 hour’s rest and the hemoconcentration persists 
unchanged. After 24 hours, however, the chlorides in the red 
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cells have increased markedly above normal and the plasma 
volume is slightly above normal. These changes are similar to 
those seen after 12 days continuous treatment in the previous 
group of experiments. After exposure to cold, even a 2 hour rest 
period results in a complete reversal of the chloride changes and 
a restoration of the plasma volume to normal (Table II, Group C). 
After muscular exercise, a 2 hour rest period being allowed (Table 
II, Group D), the red cell chlorides are much higher than imme- 
diately after the cessation of treatment, being 128 mg. per cent 
above the average normal value; the serum chlorides are normal, 
giving an extraordinarily high Cl,:Cl, ratio of 0.87. In this short 


TaB_e II 
Effect of Rest Period after 24 Hours Treatment 



































No. 
Group Ss. Ch | Cl, Cl, &: ry} Hb mr 
mals 
mg. | mg. | mg. vol. per 
per | per | per per | Jong |Per cent 
cent | cent | cent cent 
A. Formaldehyde, 3 hrs. 
gear. aie dus blades 6 | 231 | 360 | 112 | 0.31 | 52 | 120; —19 
B. Formaldehyde, 24 hrs. 
Te ie ee 6 | 301 | 388 | 2440.72} 40 | 91) +4 
C. Cold, 2 hrs. rest......| 6 | 202 | 326 | 240 | 0.74/ 40 | 90| +4 
D. Exercise, 2 hrs. rest...| 12 | 328 | 343 | 298 | 0.87 | 34 74 | +16 





period the plasma volume has risen markedly above normal and the 
hematocrit and hemoglobin values have fallen markedly. 

The difference in the rate of reversal of effect in the case of 
formaldehyde as compared to the other two stimuli used is prob- 
ably dependent upon the continued absorption of formaldehyde 
for some time after the last injection, as compared with the 
complete cessation of the damaging stimulus when the rats are 
removed from the ice box or running cage. These experiments 
show how important the time factor is in determining the response 
of an animal to a damaging stimulus. The marked changes in the 
chloride and other values in such a short period as 2 hours are 
very striking. 

Another important factor in the response of the animal is the 
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dose of the stimulus used and the degree to which it damages the 
animal. This also helps to explain the more marked effect of 
formaldehyde on the chlorides in the first 24 hours, the slower 
reversal of the effect after rest, and perhaps the less marked in- 
crease of the chlorides during the stage of resistance. This dose 
of formaldehyde damages the animal more than do the other two 
stimuli. In order to study further the effect of varying the in- 
tensity of the stimulus a group of rats was exposed to mild cold. 
The ice box was kept at a temperature of 7—10° for 24 hours and 
the rats were killed immediately after. The whole blood chloride 
was 288 mg. per cent, serum chloride 342 mg. per cent, red cell 
chloride 208 mg. per cent, Cl.:Cl, 0.61, hematocrit 40 volumes 
per cent, hemoglobin 85 per cent, and plasma volume 4 per cent 
above normal. Thus it is seen that, when the same damaging 
agent is used in a milder degree, the increase in red cell chlorides 
occurs earlier; in fact, in this case, has already occurred while 
the animal is under the influence of the stimulus. Similar obser- 
vations have been made with regard to very small doses of formal- 
dehyde and with regard to the effect on hematocrit and blood 
volume after mild muscular exercise. In the last case, of course, 
the red cell chlorides are increased after even more severe exercise. 
The reaction to small doses of the damaging agents in the non- 
adapted animal is thus similar to that elicited by larger doses of 
the same stimuli given during the stage of resistance. This might 
be due to the failure of even the larger dose of the agent to be 
damaging to the animal adapted to it. It seemed of interest 
therefore to test the response of the animal during the stage of 
resistance to a very high dose of the stimulus to which it had been 
adapted; that is, a dose which would cause serious damage in spite 
of the existing adaptation. A group of sixteen rats was therefore 
adapted to two daily injections of 0.5 cc. of a 4 per cent formal- 
dehyde solution for 12 days. At the end of this time five injections 
of 0.5 ec. of a 4 per cent formaldehyde solution were given in 24 
hours and the animals were killed 1 hour after the last injection. 
This dose was obviously severely damaging, since four animals died 
during the treatment and, of the remaining ten, some were in a 
coma. The results are seen in Table III (Group A). The blood 
volume was very low and the hematocrit and hemoglobin were 
high, but the red cell chlorides were above normal just as they 
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were in the stage of resistance without this severe treatment. 
A similarly conducted experiment on animals adapted to a tem- 
perature of 2-5° for 12 days and then exposed to a temperature 
of —4° to —10° for 24 hours yielded comparable results, seen in 
Table III (Group B). In this group of twelve animals one died 
during the treatment, while many of the others were in a coma. 
A further group of twelve animals was adapted to muscular exer- 
cise and during the last 24 hours was forced to run for 8 hours 
instead of the usual 3 hours. One of the animals died and the 
others were all extremely weak when killed. The results in 
Table III (Group C) show again a high value for red cell chlorides. 
It appears from these experiments that during the stage of resist- 
ance even a severely damaging dose of the stimulus will not cause 
the fall in red blood cell chlorides caused by such damage in the 

















Tasie III 
Effect of Sublethal Dose of Stimulus during Stage of Resistance 
Group No.of) Ch | Cl | Ch |cu:cr| Home| wy |[Plesme 
| (eameleate Ieaeer| |" ew cmt pr eon 
A. Formaldehyde 12 273 | 323 | 219 | 0.68 48 119 | —20 
ne, ails dbcah dh 11 291 | 350 | 223 | 0.63 | 46 110 —8 
C. Exercise.........| 11 295 | 352 | 212 | 0.6 41 92 +5 














non-adapted animal. The difference in response during this 
phase seen previously with ordinary doses of the stimuli is not then 
simply due to loss of damaging effect of these doses. 

In order to follow the changes in blood chlorides occurring during 
the course of the adaptation syndrome in the same animal, female 
hooded rats weighing 160 to 170 gm. were used. The rats were 
not killed and no anesthetic was used, the blood being taken 
from the tail vein and the chlorides determined on samples of 
0.1 ce., as described under the section on methods. In this series 
the blood was oxalated, so that values are for plasma rather than 
for serum, as in the first series of experiments. The damaging 
agents used and the other details of the experiments were the 
same as in the first series. The results in the individual animals 
are shown in Tables IV to VI for treatment with formaldehyde, 
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cold, and muscular exercise respectively. The values for the 
chlorides in the normal controls are on the average 6.5 per cent 
higher than in those determined by the macromethod. The 
changes in chloride distribution between cells and plasma are 
essentially the same as described for the first series. It will be 
observed, however, that 24 hours after the treatment with cold 



































TaBLe IV 
Formaldehyde 
= 
G F | | | § ace Cl, : Cl Standard 
steed 33 Ch | Cl Cle | : average) range’ | deviation 
Zz weer 
mg. | mg. | mg. | vol. 
per | per | per | per 
cent | cent | cent | cent 
eee 8 | 288) 364) 183) 42 | 0.50 | 0.48-0.52 | 40.016 
B. 24 hrs. treatment...| 8 | 238 347 136 52 | 0.39 | 0.31-0.45 | 40.05 
Cc. 24 “ + | 
3 hrs. rest........| 8 | 218) 342) 112) 54 | 0.33 | 0.27-0.40 | +0.041 
D. 24 hrs. treatment + | 
24 hrs. rest.......| 8 | 309 368) 214, 39 | 0.58 | 0.52-0.65 | +0.039 
E. 12 days treatment*.| 4 | 325 " 238 33 | 0.65t| 0.54-0.77 | 
F. 12 ia “ce 
+ 24 hrs. rest....| 5 | 314) 354) 233) 36 | 0.66 | 0.57-0.76 | 
G. 12 days treatment | 
+ sublethal dose.| 5 | 314) 374) 222) 40 | 0.59 | 0.58-0.61 | 











* In this group two animals died on the same day the determinations 
were made; they showed a hematocrit value of 46 and 47 and a Cl,:Cl, 
index of 0.46 and 0.43 respectively. They are not included in the average 
presented in the table. 

t In this group one animal showed a hematocrit value of 46 and a Cl,:Cl, 
index of 0.46. It is not included in the average. 


and formaldehyde was begun the plasma chloride values fell, 
whereas in the first group of experiments a rise occurred. The 
whole blood and red cell chlorides show in the groups treated with 
formaldehyde and cold a fall in concentration when determined 
immediately after cessation of treatment. In the group treated 
with muscular exercise on the other hand the values increased 
immediately after treatment. After a rest period of 2 to 3 hours 
in the case of exposure to cold the red cell chlorides have risen 
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above the normal level, whereas this change is not seen in the 
formaldehyde group after this period of rest, but has occurred 24 


















































TaBLe V 
Cold 
Group dla Clp | Cl 5 Cle:Clp} Cle: Clp .--~ 
Sa ° é average) range tion 
\% x 
mg. | mg. | mg. | vol. 
per | per | per | per 
| cent | cent | cent | cent 
en ee 8 | 286) 361; 180) 42 | 0.50 | 0.48-0.51 | +0.01 
B. 24 hrs. treatment....| 6 | 253) 350) 128) 43 | 0.37 | 0.32-0.42 | 40.04 
C2 * : + 
2 hrs. rest.........| 8 | 322) 366, 251) 38 | 0.70 | 0.60-0.84 | 40.07 
D. 12 days treatment...) 8 | 301) 356) 220) 40 | 0.62 | 0.56-0.72 | 40.06 
_—— = - + 
24 hrs. rest . | 8 | 296) 356) 210) 41 | 0.60 | 0.56-0.68 | +0.04 
F. 12 days treatment + | 
sublethal dose.....| 8 | 293, 339) 223) 40 | 0.66 | 0.56 0.76 | +0.07 
Taste VI 
Muscular Ezercise 
Cle: “ Standard 
Group (8 animals in each) | Cl | Clp | Cle tocrit | Cle ese devie- 
mg. mg. | mg. | vol. 
cont | cont | cont | cont 
A. Control.............| 288 | 367 | 182 | 42 | 0.50 | 0.48-0.51 | 40.01 
B. 24 hrs. treatment....| 316 | 364 | 286 | 38 | 0.66 | 0.62-0.74 | +0.01 
C. 4 «CS “c + 
Sa eee: S.A 320 | 364 | 243 | 37 | 0.67 | 0.58-0.75 | 40.07 
D. 12 days treatment...) 308 | 347 | 213 | 38 | 0.59 | 0.54-0.65 | 40.04 
E. 12 “ “ + 
24 bre. rest........ 310 | 368 | 219 | 39 | 0.60 | 0.54-0.64 | +0.01 
F. 12 days treatment + 
sublethal dose.....| 303 | 361 | 218 | 39 | 0.60 | 0.54-0.66 | 40.04 


























hours after the cessation of treatment. After treatment with all 
three stimuli for 12 days the whole blood and red cell chlorides 
are above the normal level. In the group injected with formal- 
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dehyde (Table IV, Group E) two of the seven animals showed a 
low red cell chloride value, a low Cl.:Cl, index, and a raised hemat- 
ocrit reading 12 days after the beginning of the injections. Both 
these animals died on the same day that the determinations were 
made and had probably reached the exhaustion stage at an earlier 
period than usual. One additional observation was made in this 
series during the stage of resistance. If the treatment was dis- 
continued for 24 hours during this stage, the interruption of the 
treatment did not alter the distribution of the chlorides. 

Experiments in which red blood cells were suspended in physio- 
logical oxalate solutions and then replaced in physiological saline 
have shown that shifts of chlorides much greater than those ob- 
served in these experiments can occur without hemolysis or de- 
struction of cells, provided that other electrolytes are available 
for replacement of the chloride ions. 


DISCUSSION 


From these experiments it is seen that the determination of 
plasma chloride is not always a good index of the changes in blood 
chlorides and that marked shifts in red blood cell chloride can 
occur under the conditions of these experiments with only slight 
changes in plasma chloride concentration. It has also been shown 
(13) that after adrenalectomy in the rat a definite decrease of red 
cell chlorides occurs at a time when the plasma chloride may be 
normal or only slightly decreased. Under the influence of such 
damaging agents as formaldehyde and cold there is a shift of 
chloride from the red cells; the plasma chlorides may rise or fall 
or remain unchanged but the whole blood chloride and red cell 
chloride decrease. The decrease in whole blood chloride cannot 
therefore be explained simply on the basis of an increase in the 
proportion of red cells. Muscular exercise differs from the other 
two stimuli in that the red cell chlorides are increased immediately 
after the cessation of the stimulus. Within 2 hours after the 
cessation of the stimulus in the case of cold the chloride picture 
is reversed and the red cell chlorides are definitely above normal. 
The plasma volume has also increased markedly during this time. 
This shift of chlorides into the red cells is not present in the case 
of formaldehyde after 3 hours rest but is present at the end of 24 
hours. In the case of milder treatment with cold and formalde- 
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hyde the red cell chlorides are found to be increased even imme- 
diately after cessation of the stimulus. If the shift of chlorides 
into the red cells under these circumstances may be regarded as 
part of a reactive mechanism of the body to the stimulus, one 
might speculate that in the case of mild damage the reactive 
mechanism is able to effect this shift more rapidly. In the case of 
muscular exercise to which the animal adapts itself readily the 
increase in red cell chlorides occurs even during the time of action 
of the stimulus. In the case of cold, a stimulus to which the 
animal may be exposed under physiological conditions, the reversal 
of effect is also rapid, whereas in the case of formaldehyde, a foreign 
substance to which the animal adapts itself with difficulty, the 
reactive mechanism takes a longer time to effect reversal of 
chloride shift. The mechanism through which the effect on blood 
chlorides is reversed after adaptation is acquired is as yet not 
clearly understood. However, it is clear that the same agents 
which cause the syndrome of the “alarm reaction’”’ or of “‘shock”’ 
may also elicit changes which appear to be the exact opposite of 
those seen during shock. This inverse reaction invariably follows 
the shock type of response during the recovery period and is also 
seen in spite of continued treatment after adaptation to the 
damaging agent is acquired. Although this inverse reaction ap- 
pears to be concomitant with the increased resistance (14, 15) 
and consequently is more likely to be of importance for the sur- 
vival of the organism as compared to the initial response, it has 
eluded the attention of workers interested in this subject, because 
its external manifestations are much less obvious than those of 
damage or shock. 


SUMMARY 


1. Rats exposed to cold or treated with subcutaneous injections 
of formaldehyde for 24 hours show a decrease in the concentration 
of chlorides in the red blood cells immediately after cessation of 
treatment. There is also hemoconcentration, as shown by 
decrease in plasma volume and increase in hematocrit readings 
and in hemoglobin concentration. 

2. If treatment with these agents is continued for 12 days, so 
that the animals become adapted to them, the direction of these 
deviations is reversed. There is an increase in chloride concen- 
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tration in the red blood cells above the average normal value. 
The plasma volume is slightly above normal and the hematocrit 
and hemoglobin values are below normal. 

3. In the case of animals exposed to forced muscular exercise 
the chlorides of the red blood cells are above normal immediately 
after the cessation of the stimulus. The plasma volume is slightly 
decreased and the hematocrit and hemoglobin values slightly 
increased. 

4. If a 2 hour rest period is allowed after 24 hours exposure to 
cold, the deviations characteristic of the first exposure men- 
tioned above reverse, so that the red cell chlorides are above 
normal, as is the plasma volume, and the hemoglobin and 
hematocrit have decreased. 3 hours after the last injection of 
formaldehyde this reversal has not occurred but it is present after 
a rest period of 24 hours. The plasma chloride at this time is 
normal. 

5. If the animals are exposed to mild cold or to small doses of 
formaldehyde, then the red blood cell chlorides are increased 
immediately after the cessation of treatment and show the same 
picture as is seen in the case of exposure to muscular exercise 
immediately after treatment. 

6. If after 12 days, when the animals have become adapted to 
the stimulus, the treatment is discontinued for 24 hours, there is 
no significant change in chloride concentration, the red blood cell 
chlorides remaining above the normal level. If animals are ex- 
posed to sublethal or lethal doses of the damaging agents to which 
they have been adapted, the red cell chloride concentration re- 
mains high in most cases although the plasma volume may be 
markedly decreased and the hematocrit increased. 

7. Under the conditions of these experiments the plasma chlo- 
rides are not a good index of the changes in chloride metabolism. 
The red cell chlorides and the ratio between red blood cell and 
plasma chlorides are more satisfactory. Marked.shifts of chloride 
concentration in red cells may therefore occur and whole blood 
chloride determinations are not always merely a reflection of the 
proportion of cells to plasma. 

8. Special emphasis may be laid on the inverse response seen 
immediately after exposure to mild damage, during recovery from 
more severe damage, and after adaptation has occurred. It 
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appears to be the exact opposite of the first changes which occur 
after damage in these experiments and also in what is usually 
termed “shock.” This inverse type of response has received little 
attention up to the present time, although it is usually connected 
with an increased resistance of the organism and probably reflects 
the establishment by the body of a compensatory mechanism 
against damage. 
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THE CURATIVE FACTOR (VITAMIN H) FOR EGG WHITE 
INJURY, WITH PARTICULAR REFERENCE TO ITS PRES- 
ENCE IN DIFFERENT FOODSTUFFS AND IN YEAST* 
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The toxicity of egg white as a food constituent, under special 
conditions, is a well established fact. Since the earliest, rather 
casual observations of Bateman (2), several investigators’ have 
dealt with this problem and, after minor controversies, have 
reached the following conclusions. 

1. Rats fed a ration that is well balanced except for a large 
proportion of egg white as the sole source of protein develop pe- 
culiar and impressive skin changes. These are accompanied 
by progressive emaciation and lead finally to a fatal outcome. 

2. Diets rich in raw or slightly cooked fresh whole egg, egg 
white, or commercial Chinese dried egg white have been found 
equally detrimental. The egg white is deprived of its toxic prop- 
erties by continued and intensive treatment with heat, as well as 
by digestion with pepsin or incubation with hydrochloric acid, 
probably owing to hydrolysis (6). 

3. An organic protective substance, present in different food- 
stuffs, is likewise able to neutralize the toxic effect of egg white 
when the protective substance is given as a supplement to the 
otherwise disease-producing diet rich in egg white. This sub- 
stance has been called the “protective factor X’’ by Boas (7), 


* These investigations were begun in 1927 in the pediatric clinic of the 
University of Heidelberg and were continued (1933-35) in the physiological 
and nutritional laboratories of the University of Cambridge. A pre- 
liminary report was given at the annual meeting of the American Society 
of Biological Chemists at Memphis, 1937 (1). 

' The literature has been reviewed by Friedberger and Seidenberg (3), 
Stenqvist (4), and Parsons and Kelly (5). 
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vitamin H*? by Gyérgy (10, 11), or simply “the factor protective 
against egg-white injury’’ by Lease and Parsons (12). 

4. The specific nutritional disorder caused by a diet rich in egg 
white has been produced in several animal species besides the rat, 
such as the chick (13), the guinea pig, rabbit, and monkey (14), 
and the dog.’ 

5. In view of the results of all these experiments, egg white 
injury is considered a toxic condition, and the curative factor for 
it (vitamin H) is regarded as a detoxifying agent of vitamin-like 
character (10, 11). 

The skin manifestations caused by the dietary egg white dis- 
order have been variously classified. They have been described 
as “pellagra-like” (5, 7, 15), as analogous with “pink disease”’ 
(16) or acrodynia, or simply as dermatitis (3, 4). While this last 
term is rather vague and unspecific, the two other analogies lack 
clinical or pathological evidence. The disease experimentally 
caused by a large proportion of egg white in the diet is not pre- 
dominantly a peripheral dermatosis, in contrast to pellagra or 
acrodynia. Peripheral involvement, if present, is only a second- 
ary extension of the disease, which starts usually around the 
mouth, on the neck, the flanks, or in the axilla and groin. The 
ears regularly remain free from the disease. 

In addition to the difference in distribution of the skin manifes- 
tations, the appearance of the lesions must also be considered 
unlike that in pellagra and acrodynia in human beings or even 
in acrodynia in rats, the experimental vitamin Bs deficiency dis- 
ease in these animals (17). The dermatitis could best be regarded 
as a seborrheid desquamative type. The deep brown pigmenta- 
tion observed by Parsons (18) on the back of a large number of 
rats with dietary egg white disorder corresponds closely to similar 
manifestations in infants ill with so called seborrheid derma- 
titis (19). 

The experimental material for the investigations reported in 
the series of papers of which this paper is the first comprised about 


? The letter H has also been used by Booher (8) to designate a component 
of the vitamin B, complex, probably vitamin Bs, and by McCay, Bing, and 
Dilley (9) for a trout growth factor. Both of these vitamin-like substances 
are different from the protective factor against egg white injury. 

* Schultz, F., personal communication to the author. 




















P. Gyorgy 735 


7000 rats and more than 1000 experimental preparations, includ- 
ing food products, used in bioassays of the concentration and 
purification of vitamin H. 


Experimental Diet 
This paper presents the results of experiments in which a ra- 
tion was used that corresponded essentially to the diet recom- 


mended by Boas (7). This ration consisted of the following in- 
gredients. 


Commercial Chinese Cod liver oil.......... 15 ml. 

egg white.......... 300 gm. Salt mixture (McCol- 
Corn-starch ekees, lum, No. 185 (20)).. 75 gm. 
Olive oil...... 225 ml. Cenovis*......... = 
Lemon juice......... _ 


* Cenovis is the German trade name for a yeast autolysate practically 
identical with marmite, which had been employed by Boas (7). 


From the beginning of the experiments in 1927 until June, 1933, 
this diet gave very satisfactory results. The average time neces- 
sary for production of the first skin symptoms was 5 to 7 weeks. 
In special preliminary trials, in confirmation of previous reports 
(4, 5), albino rats proved more susceptible than black and pie- 
bald rats. Albino rats solely were used, consequently, for these 
experiments. Furthermore, male rats exhibited greater sensitive- 
ness to the effect of a diet rich in egg white than did female rats. 
This susceptibility again confirmed the observations of Boas (7) 
and Parsons and Kelly (5). There existed also a relationship 
between body weight at the beginning of the experiments and the 
lapse of time needed for the development of the specific egg white 
disease (5). 

The first series of 1343 rats consisted of 792 male and 551 female 
albino rats. The interrelation between sex, preparatory period 
needed for the appearance of the specific skin symptoms, and ini- 
tial body weight is shown for 1283 of the animals in Table I. 60 
other rats proved refractory to the egg white in the diet, at least 
for the observation period of from 16 to 26 weeks. Of these 60 
rats, forty-two were female and only eighteen male. At the end 
of the preparatory period, rats showing severe symptoms of egg 
white injury were used for routine assays. The age varied be- 
tween 7 and 20 weeks and the weight between 40 and 110 gm. 
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From June, 1933, until August, 1933, the incidence of egg white 
injury became distinctly irregular, with a high proportion of 
apparently resistant animals. In a few rats, spontaneous cure 
was noticed without gain in weight. Moreover, the weight curves 
throughout this period showed, in many instances, a slight but 
continuous tendency to decline. 

Marmite was substituted for cenovis and the proportion of 
marmite increased to 10 per cent, but there was still no appreciable 
change in the incidence of the specific egg white injury. There- 
fore it was necessary to conclude that cenovis and marmite were 
incomplete concentrates of the vitamin B complex, probably on 


TaBLe | 
Interrelation of Various Experimental Conditions 








No. of rats Sex Initial body weight Preparatory period 

gm. wks, 
101 | 3 | 20-25 4.0 
82 | Q 20-25 | 4.7 
403 | ee 25-30 5.2 
246 fe) 25-30 | 5.9 

244 es 30-35 6.25 
165 9 30-35 7.4 
26 rs | ->85 6.0 
16 g | >35 | 7.6 

1283 





account of some recently introduced change in their manufac- 
ture. A diet in which the modified brand of cenovis or marmite 
represented the sole source of the vitamin B complex had to be 
considered unsuitable, accordingly, for the experimental study of 
egg white injury. 

In January, 1934, the diet was changed to the extent that an 
alcoholic yeast concentrate was employed as the source of the 
vitamin B complex. The yeast extract was prepared according 
to the procedure recommended by Sherman and Sandels (21). 
To 500 gm. of dried brewers’ yeast were added 1500 ml. of 60 per 
cent alcohol. The mixture was stirred thoroughly, allowed to 
stand for 24 hours at room temperature, and then filtered. This 
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treatment was repeated on the residue. The two filtrates were 
combined and the alcohol was recovered by distillation. The 
portion of the combined filtrate that remained was evaporated 
down to 500 ml. in order to adjust the volume so that 1 ml. was 
equivalent to 1 gm. of yeast. 

With the introduction of this yeast extract into the original 
diet, other minor changes were also made. The composition of 
the modified diet, which was used from January, 1934, until the 
end of 1937, was, then, as follows: 


Commercial Chinese egg white. . jive uth ... 800 gm. 
Corn-starch cscs Regeek SS e3 «< chika Se eBh 370 * 
CS eS eee ee 150 ml. 
Salt mixture (McC eile. No. 185 (20)).......... . 8 gm. 
Cod liver oil.......... a ' 30 ml. 
PS WINS ic-ccn «> chic Hacer oH E8 Pe sy a 100 * 


The results obtained with this modified diet have been very 
satisfactory, and the incidence of egg white injury again reached 
almost 100 per cent without any great irregularity. 

General aggravation of the egg white disease was often noticed 
on certain days in all the sick experimental animals, probably in 
relation to climatic conditions. These reactions were observed 
mainly in the spring and fall months when there was a sudden 
drop in atmospheric pressure and in temperature. 

At times there was a high incidence of a special type of pneu- 
monia (22). In animals in which the respiratory disease was rec- 
ognized in an early stage, administration of active vitamin H 
concentrates in appropriate doses brought about improvement 
and even complete cure. 


Distribution of Vitamin H in Different Foodstuffs 


In the not very extensive literature dealing with egg white in- 
jury few data can be found that give the distribution of the cura- 
tive factor (vitamin H) in different foodstuffs. The values 
recorded have been of a qualitative or only approximately quanti- 
tative order (1 to 4 +). A well defined “rat day dose’”’ was not 
used as a basis of comparison. When the “unit” is taken to be the 
daily dose of a given foodstuff or concentrate which in 4 weeks 
brings about complete cure of the egg white injury, it is possible 






































Taste Il 
Distribution of Curative Factor (Vitamin H) in Different Foodstuffs 
| Substance tented — | Gases |white injury| Substance tested — | 4068 | white injury 
gm | om. 
Beef liver (fresh) 0.25 _ Rice polish 0.2 - 
4 0.4 | Irregular 0.4 _ 
q 0.5 + 0.6 — 
; 0.6 + Bananas (fresh) 3.0 — 
' 1.0 + 4.0 _ 
Liver powder (Ar- (0.1 - 5.0 oF 
gentina) 0.2 - 6.0 oa 
Liver residue of cam-|0.04 - Brewers’ yeast | 0.1 - 
polon, Sample I (0.05 - (dry) 0.3 + 
1 0.075 - 0.4 + 
0.1 + Harris brewers’ | 0.1 _ 
Same, Sample II 0.05 _- yeast | 0.2 - 
0.075 + 0.3 + 
0.1 + 0.5 4 
f Campolon (liver ex- |0.2 - Levurinose (Ger- | 0.2 - 
; tract) 0.3 - / man dry yeast | 0.3 - 
0.5 - preparation) 0.5 + 
1.0 - Zyma (German | 0.3 - 
Liver, pressed juice |1.0 - dry yeast) 0.5 - 
(1 ml. = 5 gm. {2.0 - 0.6 + 
fresh liver) 5.0 _ | 1.0 oa 
Beef kidney (fresh) (0.5 - Cenovis (German | 0.4 - 
1.0 + yeast autoly- 1.0 - 
2.0 + sate) 1.5 _ 
Brain (fresh) 1.0 _ 2.0} + 
2.0 - Yeast, pressed | 1.0 - 
5.0 - juice (Buchner)! 2.0 _ 
Spleen 1.0 - (1 ml. = 5 gm.)} 5.0 _ 
2.0 - Potato flour 0.5 - 
Thymus 1.0 - 1.0 - 
2.0 - Cystine 0.1 - 
Thyroid extract 0.1 - Glutathione 0.03 _ 
0.2 - Nucleic acid 0.2 - 
Heart 1.0 — 0.4 
3.0 - mi. 
Skin powder 0.1 — Cow’s milk (May-| 5.0 - 
Goat skin hydroly- |0.5 - Oct.) 110.0 + 
sate (H,SO,) (1 |0.75 - 15.0 + 
ml. = 0.25 gm.) [1.25 - 20.0 + 
{ Goat hair hydroly- |1.4 - 25.0 + 
sate (H,SO,) (1 /2.i = Cow’s milk (Nov.-|10.0 = 
ml. = 0.7 gm.) ‘2.8 - Apr.) 15.0 | Irregular 
Blood 0.2 = 20.0 + 
0.4 ~ 25.0 + 
Meat (beef muscle) (2.0 - Breast milk 10.0 - 
5.0 - 20.0 | Irregular 
7.5 - 25.0 = 
738 
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to obtain quantitative titer values. These quantitative figures 
are valid, however, only for identical experimental conditions. 

The results of the experiments on the modified diet are summa- 
rized in Table II. The rats received the different food products as 
supplements in varying daily amounts, and the same level was 
maintained for about three and in many instances for more than 
three rats. 

It can be seen in Table II that the main sources of vitamin H 
are liver, kidney, yeast, and, to a lesser extent, cow’s milk. Milk 
from cows in winter was not so potent as summer milk; the “rat 
day dose’ was 10 ml. for the former and about 20 ml. for the 
latter. Breast milk had only very slight therapeutic potency in 
egg white injury; as much as 25 ml. daily had no constant effect. 

Beef muscle has shown no activity in daily doses up to 7.5 gm., 
and in one instance even to 15 gm. In five rats this food product 
seemed to activate or aggravate the egg white injury. The weight 
curve of one of these rats is shown in Fig. 1. 

The vitamin H activity of liver, kidney, and yeast is probably 
not due to their high content of purine compounds, since thymus 
and spleen, both of which are rich in substances containing nucleic 
acid, lack therapeutic potency. Furthermore, nucleic acid, gluta- 
thione, and cystine have been found equally inactive. 

Different yeast preparations were characterized by slightly but 
definitely varying activity values, the rat day dose ranging from 
0.3 to 0.6 gm., calculated on dry yeast. The special yeast autol- 
ysate cenovis, the equivalent of marmite, was almost free from 
vitamin H, the unit being reached with 2 gm. daily. This find- 
ing confirms the negative results concerning marmite recorded 
by Boas (7). In addition to the autolysate, the juice of pressed 
yeast has also been found inactive, even in daily doses correspond- 
ing to 25 gm. of fresh yeast. 

In analogy with the behavior of vitamin H in yeast, no vitamin 
H activity was shown by the juice of pressed liver, or by the liver 
extract campolon. Campolon is believed to be essentially also a 
purified juice of pressed autolyzed liver. In the clinic it serves 
as a concentrate of the factor that prevents development of perni- 
cious anemia. The liver residue after removal of the extract in 
the commercial preparation of campolon exhibited very high, 
and in this series the highest, titer values. Similar results were 
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reported by Lease and Parsons (12, 15) for the residue after re- 
moval of liver extract (Lilly No. 343). It is interesting to note 
that tests of a liver powder from Argentina showed that it was 
inactive, at least in the doses administered (0.1 to 0.2 gm. daily). 





























Gn. 
150 
130 F 
110 4 
90 F 
70} (1) Loss of hair but no specific dermatitis. 
t2) Condition unch . 
3) Beef (3 gm.) added to diet. 
(4) Dermatitis. 
5) Beef (5 gm.) added to diet. 
50 6) Very severe dermatitis. 
7) Exfoliative dermatitis. 
(6) Almost moribund. Yeast autolysate added. 
(9) Improving. 
(10) Cured. 
30 A 4 i A 1 
Weeks 5 10 15 20 25 


Fig. 1. Weight curve for Rat 115, female. Shows aggravation of egg 
white injury caused by addition of meat (beef muscle) to the diet and cure 


by addition of yeast autolysate. 


Since the juice from pressed liver and yeast and the yeast 
autolysate cenovis (and therefore marmite) are good, potent 
sources of the vitamin B, complex, the fact that, for all practical 
purposes, they lack vitamin H is the best evidence, although 
indirect, of the independent character of the factor that cures 
egg white injury. This assumption is further borne out by the 
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negative results of experiments in which rice polishings, which 
are rich in content of the vitamin B complex, were used as the 
source of vitamin H. ' 

The differences between vitamin H and the components of the 
vitamin B, complex in solubility and distribution rule out the pos- 
sibility that there is any close pathogenetic relationship between 
egg white injury and other at least distantly similar skin manifes- 
tations in rats fed a diet that did not contain all the members of 
the vitamin B, complex, a diet, for example, deficient in vitamin 
B, or the filtrate factor. 

While vitamin B, is only partially insoluble in water (23) and to 
this extent seems to be incorporated in a larger, undialyzable 
molecule (24), vitamin H is completely insoluble in water. The 
first task in the preparation of concentrates of vitamin H is the 
determination of the chemical form in which it is present in food 
stuffs. 


Liberation of Vitamin H from Yeast 


By Extraction—Attempts to remove the curative factor, vita- 
min H, from yeast by extraction with hot water (K-40, K-16), 
with 50 to 95 per cent alcohol, with methanol (K-15), acetone 
(H-138), chloroform, ether (H-6), a mixture of chloroform and 
ether, and with acetic acid were unsuccessful. 

These negative results confirm the fact that vitamin H is in- 
soluble not only in water but also in fat, at least in so far as its 
natural occurrence in yeast is concerned. 

In the course of subsequent experiments, methods were tested 
which are commonly used in the preparation of yeast enzymes 
such as invertase. The first two procedures tested, sugar (sac- 
charose) plasmolysis (K-38) and Lebedev’s (25) autolysis of yeast 
(K-642), proved inadequate for the purpose in question. 

By Autolysis—Very satisfactory yields have been obtained 
by autolysis of yeast at 37° in the presence of water and toluene, 
according to the method of Hudson (26). With progressive 
autolysis, vitamin H appears to become soluble in water and 
can be liberated from the undissolved residue. The filtered or 
centrifuged autolysate may subsequently be treated with methanol 
or ethyl alcohol (up to 95 per cent) and the precipitate removed 
without impairment of the vitamin H activity of the filtrate. 
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During autolysis, the liberation of vitamin H from the original 
compound of apparently higher molecular weight in which it 
occurs does not reach the maximum until after from 4 to 6 days. 


K-$—After autolysis under toluene plus water for 24 hours, the autoly- 
sate was inactive in daily doses corresponding to as much as 10 gm. of yeast, 

K-1—The residue of K-3 was active in a rat day dose of from 0.4 to 0.5 gm. 

K-5—The autolysate obtained after autolysis under toluene for 72 hours 
was active in a rat day dose = 0.9 gm. of yeast. 

K-7—The autolysate obtained after autolysis under toluene for 100 hours 
was active in a rat day dose = 0.55 gm. of yeast. 

K-8—The filtrate obtained after removal of the precipitate formed by 
treating the autolysate from K-7 with 90 per cent ethyl alcohol was active 
in a rat day dose = 0.6 gm. of yeast. 

K-6—The autolysate obtained after autolysis under toluene for 250 hours 
was active in a rat day dose = 0.65 gm. of yeast. 

H-8—The autolysate obtained after autolysis under toluene for 144 hours 
was active in a rat day dose (containing 200 mg. of organic dry residue) 
= 0.4 gm. of yeast. 

H-12—The autolysate obtained after autolysis under toluene for 144 
hours was active in a rat day dose = 0.5 gm. of yeast. 

H-15—The filtrate obtained after treatment of the autolysate from H-12 
with methanol was active in a rat day dose = 0.5 gm. of yeast. 

H-16—The filtrate obtained after treatment of the autolysate from 
H-12 with ethyl alcohol was active in a rat day dose = 0.6 gm. of yeast. 

H-20—The filtrate obtained after treatment with ethyl alcohol of the 
autolysate resulting from autolysis under toluene for 144 hours was active 
in a rat day dose (containing 185 mg. of organic dry residue) = 0.5 gm. of 
yeast. 

H-#2—After boiling, H-20 was active in a rat day dose (containing 160 
mg. of organic dry residue) = 0.5 gm. of yeast. 

H-23—The filtrate obtained after treatment with methanol of the autoly- 
sate resulting from autolysis under toluene for 144 hours was active in a rat 
day dose (containing 130 mg. of organic dry residue) = 0.5 gm. of yeast. 


Vitamin H is resistant to boiling (H-22). It is not precipitated 
by lead acetate from yeast autolysates, either in acid or in neutral 
solution. 


H-21—The filtrate obtained after treatment of the autolysate (autolysis 
under toluene for 144 hours) with lead acetate and subsequently with 
methanol and H,S was active in a rat day dose (containing 135 mg. of or- 
ganic dry residue) = 0.5 gm. of yeast. 

H-29—The filtrate obtained after treatment of the autolysate (autolysis 
under toluene for 144 hours) at pH 5.2 with methanol, lead acetate, and 
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finally with H,S was active in a rat day dose (containing 153 mg. of organic 
dry residue) = 0.6 gm. of yeast. 

H-33—The filtrate obtained after treatment of the autolysate (autolysis 
under toluene for 144 hours) at pH 7 with methanol, lead acetate, and finally 
with H,S was active in a rat day dose (containing 193 mg. of organic dry 
residue) = 0.7 gm. of yeast. 


The rat day dose of yeast specimens varied between 0.3 and 
0.6, as shown in Table II. The yield reached by autolysis did 
not differ materially from the original titer values and may be 
considered optimal. It should further be noted that vitamin H, 
when once it is freed—probably by enzymatic reaction—from the 
original compound of higher molecular weight in which it occurs, 
cannot be precipitated either by alcohol (ethyl alcohol or meth- 
anol) or by lead acetate, and it is not adsorbed by lead sulfide after 
treatment of the concentrates containing lead acetate with H,S. 

The use of chloroform, however, in contrast to toluene, was 
detrimental to the autolytic liberation of vitamin H from yeast. 
In repeated experiments, yeast autolysates proved ineffective 
when chloroform was substituted for toluene as the antiseptic, 
even in a rat day dose corresponding to as much as 5 gm. of yeast. 

This result is further indirect evidence of the fermentative 
nature of the reaction leading to liberation of water-soluble vitamin 
H during the process of yeast autolysis. In this connection it 
should be borne in mind that chloroform, much more than toluene, 
is a frequent “poison” or inhibitor of ferments. The inactivation 
of the ferment reaction by chloroform is, as a rule, not irreversible, 
as has been demonstrated also in the case of the curative factor 
for egg white injury. 


H-131—Yeast autolyzed for 6 days in the presence of chloroform was 
treated with methanol. The residue and the precipitate were evaporated 
to dryness and submitted to a second autolysis for 6 days with the addition 
of toluene as antiseptic. The resulting autolysate was active in a rat day 
dose (containing 108 mg. of organic dry residue) = 0.8 gm. of yeast. 


In conclusion it can be stated that the curative factor (vita- 
min H) for egg white injury appears to be part of a compound 
of higher molecular weight which is insoluble both in water and 
in fat. It can be freed by autolysis of yeast in the presence of 
toluene but not in that of chloroform. Yeast therefore seems 
to possess the ferment necessary for the liberation of vitamin H. 
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SUMMARY 


Quantitative data are presented concerning the distribution 
in different foodstuffs of the curative factor (vitamin H) for egg 
white injury. 

In experiments with albino rats, vitamin H, as it occurs in 
yeast and liver, has been found to be insoluble in water and in fat. 

Autolysis of yeast in the presence of toluene leads to liberation 
of vitamin H in a water-soluble form. Chloroform, on the other 
hand, inhibits reversibly this apparently fermentative reaction. 
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ATTEMPTS TO ISOLATE THE FACTOR (VITAMIN H) 
CURATIVE OF EGG WHITE INJURY* 


By PAUL GYORGY 
(From the Babies and Childrens Hospital, and the Department of Pediatrics, 
School of Medicine, Western Reserve University, Cleveland) 
anp RICHARD KUHN anp EDGAR LEDERERft 


(From the Kaiser Wilhelm Institute for Medical Research, Heidelberg, 
Germany) 


(Received for publication, August 10, 1939) 


The factor curative of dietary egg white disorder is soluble 
neither in water nor in fat as it occurs in its natural state in liver 
and yeast (1-7). When yeast is the source, this factor can be 
freed from the compound of apparently greater molecular weight 
in which it occurs, for it becomes soluble in water when yeast 
is subjected to autolysis in the presence of toluene as an antiseptic 
but not in that of chloroform (7). Thus the liberation of vita- 
min H seems to be due to an enzymatic process, and the yeast 
ferment which effectuates liberation can reversibly be inactivated 
by chloroform. 


Autolysis of Liver 


In view of the fact that liver is a more potent source of the 
curative factor of egg white injury than is yeast (6), the question 
arose as to whether or not vitamin H could be separated also by 
autolysis of liver tissue from the water-insoluble complex in 
which it occurs. 


* The experiments reported here were carried out mainly from 1931 to 
1933 in the Kaiser Wilhelm Institute for Medical Research, Heidelberg. 
The authors wish to express their thanks to the Research Laboratories of 
the I. G. Farbenindustrie, Elberfeld, Germany, for their generous supply 
of the necessary experimental material and for the preparation of the dif- 
ferent vitamin H concentrates under the supervision of F. Schultz. 

t Dr. Lederer is now at the Laboratory of Zoology, Ecole Normale 
Supérieure, Paris. 
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Several attempts to do this, under varying experimental con- 
ditions, failed. Filtrates of autolyzed liver were tested quanti- 
tatively for vitamin H content and were found inactive. As 
a basis of comparison, it should be recalled (7) that with the same 
method of bioassay 1 “rat day dose’’ corresponded to about 0.5 
gm. of fresh (or 0.1 gm. of dry) liver and to from 0.075 to 0.1 gm. 
of the liver residue (powder') remaining after removal of liver 
extract in the commercial preparation of campolon. 


K-84a—The filtrate after autolysis of 1000 gm. of calves’ liver under 
toluene for 96 hours was inactive in doses equivalent to as much as 8 gm. 
of fresh liver. The residue (K-84b) after autolysis, however, showed high 
potency, with 1 rat day dose in 75 mg., a result that matches the best ob- 
tained with liver powder specimens tested in the course of the commercial 
preparation of campolon. 

K-141—The filtrate after autolysis under toluene for 9 days at pH about 
5 was inactive, at least in doses corresponding to as much as 4 gm. of fresh 
liver. The residue (K-142) contained 1 rat day dose in 50 mg. 

K-165—The filtrate after autolysis under toluene for 7 days in a neutral 
solution was inactive. The residue (K-156), 46.5 gm. = 350 gm. of fresh 
liver, was active in daily doses of 75 mg. 


In one experiment, autolysis for 9 days was combined with 
putrefaction by omitting any antiseptic. Here, again, vitamin H 
remained in the residue and apparently withstood the bacterial 
decomposition. 


K-143—The filtrate was inactive in daily doses corresponding to as much 
as 5 gm. of fresh liver. The residue (28 gm. = 220 gm. of fresh liver) was 
active in daily doses of 60 mg. 


In the light of these and similar experiments, it is evident that 
liver, in contrast to yeast, does not possess the enzymatic ap- 
paratus necessary for the autolytic liberation of vitamin H from 
the compound of greater molecular weight in which it occurs. 


Proteolytic Digestion of Liver 


Pepsin—After digestion of liver with pepsin at an optimum 
pH, the vitamin H activity was to a large extent removed by the 
addition of water. The yields thus obtained were satisfactory 


1 The term “liver powder’’ is used hereafter throughout this investi- 
gation to denote the dry residue after removal of the extract in the com- 
mercial preparation of campolon. 
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and corresponded to from 30 to 50 per cent of the original activity 
in four pepsin digests of liver powder (K-108, K-122, K-16], 
K-201) and to from 33 to 70 per cent in two digests of fresh liver 
(K-199, K-206). Accordingly, 1 rat day dose of the pepsin-liver 
preparations was equivalent to from 0.15 to 0.25 gm. of liver 
powder and to from 0.75 to 1.5 gm. of fresh liver. 

Trypsin— Digestion of liver with trypsin was not successful 
in liberation of vitamin H. Filtrates from liver powder which 
had been incubated with trypsin proved inactive in doses equiva- 
lent to 0.5 gm. of liver powder in one sample (K-198) and to 0.75 
gm. in a second sample (K-225). 

Papain—The most uniform results and the best yields were, 
obtained by the use of papain as the proteolytic enzyme (4, 6). 
In independent experiments, which were more of a qualitative 
type than were our tests, Lease and Parsons (2, 5) seemed to 
reach the same conclusion, for they have found that digestion 
with papain was the best method to employ for liberation of 
vitamin H from liver. 


Fresh calves’ liver was digested with papain for 10 hours, and the process 
was repeated twice. The filtrate (K-210) was active in doses corresponding 
to 0.5 gm. of fresh liver. This result is tantamount to a yield of approxi- 
mately 100 per cent. 


Similar or only slightly less satisfactory results were obtained 
by papain digestion of liver powder. The rat day doses of eight 
preparations tested were equivalent to from 75 to 170 mg. of the 
liver powder, the average dose being 100 mg. 

Even in experiments conducted on a large scale, in which 
batches of liver powder weighing from 8 to 10 kilos were used, 
digestion with papain gave very satisfactory yields. The rat 
day dose varied between 50 and 200 mg. in terms of the original 
liver powder. 

Concentration of the active substance was decidedly increased 
by the introduction of autolysis of the liver powder preceding 
digestion with papain, which was, then, carried out on the un- 
dissolved residue after autolysis. Inactive breakdown products 
were discarded with the filtrate after autolysis. Digestion with 
papain was extended usually only to 10 hours and repeated once, 
without the addition of any activator (such as KCN). 
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H-108—After papain digestion for 10 hours, repeated once, 1 rat day dose, 
containing 52 mg. of organic dry residue = 100 mg. of liver powder. 

K-96—After autolysis followed by papain digestion twice for 10 hours 
each time, 1 rat day dose (containing 23 mg. of organic dry residue) = 100 
mg. of liver powder. 


In experiments carried out simultaneously with papain (K-200) 
and pepsin (K-201), papain has been found superior to pepsin. 

Yeast Enzymes—In contrast to their action in the medium 
of yeast (7), yeast enzymes were unable to liberate vitamin H 
from liver powder, at least under the experimental conditions 
chosen. 


Liver powder, after autolysis, was mixed with one-tenth of its total 
weight of pressed bakers’ yeast and was kept under toluene at 37° for 7 days. 
The preparation so obtained (H-154) proved inactive, 1 rat day dose being 
greater than 1.5 gm., in terms of the original activity of the liver powder. 


Hydrolysis of Liver at Normal or High Pressure 


Lease (5) stated that, after being boiled with 5 per cent HCl, 
the major part of the active substance (vitamin H) was removed 
by treatment with 60 per cent ethyl alcohol, but quantitative 
data were not presented. In our experiments, ordinary hydrolysis 
of liver powder under a reflux condenser, without application of 
high pressure, gave only unsatisfactory yields of vitamin H. 


K-305—The hydrolysate of liver powder, obtained after hydrolysis with 
5 per cent H,SO,, when tested in daily doses equivalent to 0.5 gm. of liver 
powder, brought about improvement but not complete cure of the dietary 
egg white injury, when it wasfedtorats. The rat day dose of K-3C_ should, 
therefore, in terms of liver powder, be higher than 0.5 gm., while in the 
papain digests the average yield fluctuated around 0.1 or 0.15 gm. 


Far more satisfactory results were obtained in experiments 
in which the liberation of vitamin H was accomplished mainly 
by the use of high pressure, in an autoclave, without, or even 
better with, a stirring mechanism. The results so achieved 
compare favorably with those obtained by papain digestion. 


Hydrolysis with HySO, at High Pressure 


H-312—Liver powder was autoclaved with 4 times its volume of 5 per 
cent H,SO, for 4 hours. The filtrate was neutralized with Ba(OH), and 
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concentrated. 1 rat day dose (containing 60 mg. of organic dry residue) 
= 0.15 gm. of liver powder. 

H-332—Liver powder was autoclaved twice at 138° with 5 times its 
volume of 5 per cent H,SO, for 30 minutes. The filtrate was neutralized 
with Ba(OH), and concentrated. 1 rat day dose (containing 117 mg. of 
organic dry residue) = 0.25 gm. of liver powder. 


Hydrolysis with HCl at High Pressure 


Substitution of HCl for H,SO, did not materially alter the 
results obtained by hydrolysis at high pressure. 


H-338a—Liver powder was autoclaved twice for 30 minutes at 138° 
with 3 times its volume of HCl. The filtrate was neutralized with NaOH, 
evaporated down to the consistency of sirup, and the residue was extracted 
three times with methanol. 1 rat day dose of the methanol-soluble filtrate 
(containing 62 mg. of organic dry residue) = 0.15 gm. of liver powder. 

H-343—Liver powder was autoclaved twice for 3 hours at 138° with twice 
its volume of HC! and then treated in the same way as H-333a. 1 rat 
day dose of the methanol-soluble filtrate (containing 92 mg. of organic 
dry residue) = 0.2 gm. of liver powder. 


Hydrolysis with HCl at high pressure has been found equally 
successful with fresh minced liver and fresh minced kidney. 


H-851—Fresh minced liver was autoclaved twice for 3 hours at 140° 
with an equal volume of 4 percent HCl. The filtrate was neutralized with 
NaOH and concentrated. 1 rat day dose (containing 62 mg. of organic 
dry residue) = 0.3 gm. of fresh liver. 

H-353—Fresh minced kidney was autoclaved twice for 3 hours at 140° 
with an equal volume of 4 percent HCl. The filtrate was neutralized with 
NaOH and concentrated. 1 rat day dose (containing 63 mg. of organic 
dry residue) = 0.4 gm. of fresh kidney. 


In the case of fresh liver and kidney, application of high pressure 
alone, without the addition of acids, proved to be insufficient 
to liberate vitamin H (H-350 and H-352). 


Hydrolysis without Acid at High Pressure 


Unexpectedly, hydrolysis at high pressure even without the 
addition of acid turned out to be one of the most suitable methods 
of obtaining vitamin H concentrates from liver powder. An 
autoclave with a stirring mechanism was used. The higher 
the pressure applied, the better were the yields, especially with 
regard to the concentration of the active principle in the filtrates. 
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H-357—Liver powder was boiled twice with 4 times its volume of water 
for 6 hours at 100°. The filtrate was inactive, at least in daily doses cor- 
responding to as much as 1.5 gm. of liver powder. 

H-373—Liver powder was autoclaved twice with 4 times its volume of 
water for 6 hours at 120°. 1 rat day dose (containing 93 mg. of organic 
dry residue) of the filtrate = 0.5 gm. of liver powder. 

H-402—Liver powder was autoclaved with 4 times its volume of water 
at 140° for 6 hours. 1 rat day dose of the filtrate (containing 115 mg. of 
organic dry residue) = 0.25 gm. of liver powder. 

H-424—Liver powder was autoclaved with 4 times its volume of water 
at 150° for 6 hours. 1 rat day dose of the filtrate (containing 36 mg. of 
organic dry residue) = 0.1 gm. of liver powder. 

H-339—Liver powder was autoclaved three times with 4 times its volume 
of water at 160° for 6 hours. 1 rat day dose of the filtrate (containing 68 
mg. of organic dry residue) = 0.13 gm. of liver powder. 

H-358a—Liver powder was autoclaved with 4 times its volume of water 
at 200° for 6 hours. 1 rat day dose of the filtrate (containing 41 mg. of 
organic dry residue) = 0.1 gm. of liver powder. 

H-383—Liver powder was autoclaved with 4 times its volume of water 
at 200° for 1 hour. 1 rat day dose of the filtrate (containing 48 mg. of 
organic dry residue) = 0.1 gm. of liver powder. 


From these and similar experiments, it is concluded that by 
autoclaving liver powder with water optimal yields (equivalent 
to 0.1 gm.) can easily be obtained. Autoclaving for 1 or 2 hours 
at a temperature of around 200° has been found completely 
satisfactory. 

To precede the process of autoclaving with autolysis did not 
materially improve the final yields. In H-422 1 rat day dose 
(containing 42 mg. of organic dry residue) = 0.1 gm. of liver 
powder. 


Acetone As Solvent for Vitamin H in Hydrolysates and Crude 
Digests of Liver 


Treatment of the concentrates obtained by autoclaving, with 
twice their volume of acetone, proved to be a very convenient 
method of bringing vitamin H into solution and at the same time 
of separating it from large amounts of inert material, with only 
small losses in activity. 

In contrast to this behavior of autoclaved concentrates, the 
addition of acetone (again in an amount equal to about 66 per 
cent of the total volume) to crude papain digests involved large 
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losses of activity, because vitamin H became incorporated in the 
very bulky precipitate produced. 

Acetone in higher concentration (more than 66 per cent) caused 
more precipitation of vitamin H, in both the high pressure hy- 
drolysates and the papain digests. Optimum yields were ob- 
tained at pH 3.5, while a more acid or a more alkaline mixture 
was apparently not conducive to the solubility of vitamin H. 


H-169a—A papain digest was treated with twice its volume of acetone. 
1 rat day dose of the acetone solution (containing 28 mg. of organic dry 
residue) = 0.5 gm. of liver powder. 

H-292a—A papain digest was treated with twice its volume of acetone 
at pH 5.1. 1 rat day dose of the acetone solution (containing 74 mg. of 
organic dry residue) = 2.5 gm. of liver powder. 

H-301—This was the same as H-292a but treated with acetone at pH 
3.5. 1 rat day dose of the acetone solution (containing 60 mg. of organic 
dry residue) = 0.9 gm. of liver powder. 

H-336—Liver powder was autoclaved twice with twice its volume of 4 
per cent H,SO, at 2.5 atmospheres of pressure. The autoclaved concen- 
trate was treated with twice its volume of acetone at pH 3.5. 1 rat day 
dose of the acetone solution (containing 55 mg. of organic dry residue) 
= 0.25 gm. of liver powder. 


Secondary hydrolysis with H.SO, of the preparations obtained 
by autoclaving liver powder with water subsfantially improved 
the purification of the vitamin H which could be separated by 
acetone. 


H-429b—Liver powder was autoclaved at 180° for 2 hours with 4 times 
its volume of water and the filtrate was subjected to hydrolysis with 
H,SO,. The hydrolysate was treated with twice its volume of acetone at 
pH 3.5. 1 rat day dose of the acetone solution (containing 7.6 mg. of or- 
ganic dry residue) = 0.25 gm. of liver powder. 

H-480—Liver powder was autoclaved with water at high pressure, 
and the filtrate was subjected to hydrolysis with H,SO, and treated with 
acetone. 1 rat day dose (containing 5.7 mg. of organic dry residue) = 0.25 
gm. of liver powder. 

H-497—The same procedure as in H-480 was followed. 1 rat day dose 
(containing 6.6 mg. of organic dry residue) = 0.15 gm. of liver powder. 


After the first step in purification had been accomplished, that 
is, the liberation of vitamin H from the water-insoluble compound 
of greater molecular weight in which it occurs, several possible 
aids to further concentration were tested. The use of alcohol 
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and of acetone has already been mentioned. Fractionation with 
alcohol was effective not only in autoclaved preparations but also 
in papain digests. In crude preparations, the amount of alcohol 
used should be equal to or less than 66 per cent of the total volume, 
in order to prevent too massive precipitation with secondary 
losses in activity. From the results of experiments made with 
purer concentrates, it becomes evident that vitamin H is soluble 
even in 90 or 95 per cent alcohol (methanol or ethyl alcohol). 
Lead acetate was an equally suitable precipitant for effecting 
separation, especially in impure concentrates, vitamin H_ re- 
maining in the filtrate. 


H-214—This was a papain digest of liver powder. 1 rat day dose = 
0.1 gm. of liver powder. 
H-216—This was a filtrate of H-214 treated with methanol. The ac- 


tivity was unchanged. 
H-216—This was a filtrate of H-214 treated with lead acetate. The 
activity was unchanged. 


Precipitants of Vitamin H from Crude Concentrates, in Combination 
with Adsorption and Elution 


Phosphotungstic Acid—Phosphotungstic acid, in contrast to 
acetone, alcohol, amd lead acetate, precipitates vitamin H quanti- 
tatively, at least from crude concentrates. Similar observations 
have been reported by Lease (5). In our experiments this pre- 
cipitation has proved to be not genuine and could not be duplicated 
in more purified solutions of vitamin H. In impure solutions, 
vitamin H was simply carried along with the bulk of the material 
precipitated by phosphotungstic acid. The critical turning point 
seemed to be represented by purified concentrates with a rat day 
dose equivalent to 0.5 mg. In these preparations, as will be seen 
later, vitamin H could not be precipitated, or at least not quanti- 
tatively, by phosphotungstic acid. 


K-330—A papain digest was treated with 20 per cent phosphotungstic 
acid in Nn H,SO,. The precipitate was decomposed by solid Ba(OH)>. 
1 rat day dose = 0.2 gm. of liver powder. 

K-335—The same procedure as in K-330 was followed. 1 rat day dose 
= 0.2 gm. of liver powder. 


For complete precipitation of vitamin H from crude solution, 
very large quantities of phosphotungstic acid were needed. In 
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the light of this fact it was deemed necessary to interpose further 
fractionation, in order to secure sufficient purification to allow 
precipitation with a smaller amount of phosphotungstic acid. 
The best method for accomplishing this purpose appeared to be 
adsorption with subsequent elution. In the course of these 
experiments it was found that vitamin H was readily adsorbed 
from an aqueous solution on charcoal (norit and carboraffin), 
but not on fullers’ earth, Al,O;, acid clay, or by benzoic acid. 
Satisfactory adsorption on charcoal took place at a wide range 
of reaction, with optimum results at pH from 5 to 7. 

For elution of vitamin H from its charcoal adsorbate, various 
solvents have been tried. The most satisfactory results, with 
an almost perfect yield, have been achieved with a mixture of 
pyridine, methanol, and water. This mixture had first been used 
for the elution of riboflavin (lactoflavin) from fullers’ earth (8). 
It was composed of 4 parts of water, 1 part of pyridine, and 1 
part of methanol. The following solution, in which acetone 
was added to pyridine, methanol, and water, proved equally suc- 
cessful for elution of vitamin H: methanol 60, acetone 20, pyridine 
10, and water 10 per cent. The substitution.of ammonia for 
pyridine in this mixture had a depressing effect on the yield of 
vitamin H when the following proportions were used: methanol 
65.5, acetone 21, water 13, and NH; 0.5 per cent. For elution 
of vitamin H from charcoal, one of the first two mixtures described 
was employed routinely, therefore, even in preparation of con- 
centrates on a large scale, with constant results, and proved to be 
a very convenient step in the chemical purification of the active 
substance. 


K-348—A papain digest was adsorbed on charcoal and eluted by the 
pyridine-methanol-water mixture. 1 rat day dose (containing 20 mg. of 
organic dry residue) = 0.3 gm. of liver powder. 

H-308b—Liver powder was autolyzed and subsequently digested with 
papain and adsorbed on charcoal at pH 5.5. After elution with the mix- 
ture of acetone, pyridine, methanol, and water, 1 rat day dose (containing 
15 mg. of organic dry residue) = 0.3 gm. of liver powder. 

H-329a—Liver powder was autolyzed for 6 days, subsequently auto- 
claved with 4 per cent H,SO,, and twice adsorbed on charcoal at pH 5.5 
for 2 hours. After elution with a mixture of acetone, pyridine, methanol, 
and water, 1 rat day dose = 5.6 mg. of organic dry residue. 

H-329b—This was the same as H-329a, but eluted with a mixture of am- 
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monia, methanol, acetone, and water. 1 rat day dose = 20 mg. of organic 
dry residue. 

H-398a—Liver powder was autoclaved with water for 2 hours at from 
192-196°, adsorbed on charcoal at pH 6.9, and eluted with a mixture of 
pyridine, acetone, methanol, and water. 1 rat day dose (containing 4.9 
mg. of organic dry residue) = 0.2 gm. of liver powder. 


In further purification, vitamin H was satisfactorily precipitated 
from the charcoal eluate by phosphotungstic acid, with best 
results when hydrolysis with 4 per cent H2SO, anteceded the 
addition of phosphotungstic acid. It can be assumed that the 
hydrolysis was instrumental in breaking down some inactive 
impurities, which were precipitable by phosphotungstie acid 
without hydrolysis, to compounds of less molecular weight, and 
that they thus escaped subsequent precipitation. 


H-100a—Liver powder was twice digested with papain for 20 hours. 
The digest was treated with lead acetate and the filtrate was adsorbed on 
charcoal and eluted with the pyridine-methanol-water mixture. The 
eluate was then hydrolyzed, treated with phosphotungstic acid, and the 
precipitate decomposed three times with solid Ba(OH),.. 1 rat day dose 
(containing 5 mg. of organic dry residue) = 0.35 gm. of liver powder. 

H-100b—This was the same as H-100a but without hydrolysis. 1 rat 
day dose (containing 13.4 mg. of organic dry residue) = 0.4 gm. of liver 
powder. 

H-105—Liver residue after autolysis for 6 days was twice digested with 
papain for 10 hours, the digest was treated with lead acetate, and the 
filtrate was adsorbed on charcoal and then eluted with the pyridine-meth- 
anol-water mixture. The eluate was hydrolyzed, phosphotungstic acid 
was added, and the precipitate was decomposed with Ba(OH).. 1 rat 
day dose (containing 6.3 mg. of organic dry residue) = 0.5 gm. of liver 
powder. 

H-127—This was a large scale preparation of concentrates from 30 kilos 
of the liver powder used in H-105. 1 rat day dose (containing 5.2 mg. of 
organic dry residue) = 0.35 gm. of liver powder. 


With this method of elution and subsequent precipitation of 
vitamin H with phosphotungstic acid, very uniform results were 
obtained. The average yield represented about one-third of 
the original activity, with a concentration of one-thirtieth, or a 
net ratio of 1:10, which is a very satisfactory result. 

A second precipitation of the vitamin with phosphotungstic 
acid but slightly increased the concentration. 
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H-102—1 rat day dose (containing 3.3 mg. of organic dry residue) = 
0.55 gm. of liver powder. 


In the preparation of concentrates by hydrolysis under high 
pressure followed by adsorption and elution, the grade of puri- 
fication was decidedly improved by hydrolysis of the eluate with 
H,SO, preceding precipitation of vitamin H by means of phospho- 
tungstic acid and separation with 66 per cent of acetone. 


H-398a—1 rat day dose (containing 1 mg. of organic dry residue) = 
0.33 gm. of liver powder. 


Gold Chloride—Precipitation by means of gold chloride from 
eluates prepared from crude papain digests of liver powder also 
proved to be a successful method in further purification of vitamin 
H. The reaction with gold was carried out generally after pre- 
cipitation of the vitamin by phosphotungstic acid, and treatment 
with phosphotungstic acid was often repeated on the decomposed 
gold precipitate. Silicotungstic acid can be used instead of 
phosphotungstic acid. Fractionation with alcohol and acetone 
or with alcohol or acetone alone can be combined with the gold 
chloride and phosphotungstic acid treatment. 

In preliminary experiments it has been established that vitamin 
H is readily adsorbed on various sulfides, such as gold, copper, 
and platinum sulfide, but not on lead sulfide. This fact excluded 
the use of H,S for decomposition of the gold precipitate and 
made it necessary to resort to the use of H,SO; for elimination 
of the gold. 


K-493—A papain digest of liver powder was adsorbed on charcoal, 
eluted with pyridine-methanol-water mixture, the eluate treated with lead 
acetate, and the filtrate hydrolyzed with 4 per cent H,SO, and then treated 
with phosphotungstic acid. The resulting precipitate was decomposed 
with Ba(OH),. and dissolved in 2 liters of water and neutralized with 
H,SO,. To this solution were added 40 gm. of AuCl, in 100 ml. of water 
and 40 ml. of concentrated HCl. This mixture was kept overnight in the 
refrigerator and the precipitate was then centrifuged, washed with water, 
and finally suspended in | liter of 0.2 n H,SO,. Decomposition was ef- 
fected twice, the first time with 150 ml. of 6 per cent H,SO,‘and the second 
time with 20 ml. The solution of the decomposed gold salt was treated 
with phosphotungstic acid (20 per cent in normal H,SO,) and the precipi- 
tate was decomposed four times with Ba(OH),». 1 rat day dose (containing 
0.65 mg. of organic dry residue) = 0.8 gm. of liver powder. 
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The foregoing procedure has also been repeatedly employed 
in the preparation of concentrates of vitamin H on a large scale 
and has resulted in greater yield and improved purification. 


In H-264, H-265, H-302, and H-370, 1 rat day dose = 0.5 gm. of liver 
powder, with an average of 0.5 mg. of organic dry residue. 


The average yield in these preparations represented about 20 
per cent of the original activity (0.5 gm. as compared with 0.1 gm.), 
and at the same time the rat day dose was lowered from 100 mg. 
at the beginning of the purification process to 0.5 mg., that is 
200 times. 

Miscellaneous Precipitants—In the search for reactions which, 
in addition to those already mentioned, would involve precipita- 
tion of vitamin H, a large number of other precipitants was used 
in impure or purified solutions of vitamin H. Persistently neg- 
ative results were obtained with flavianic acid, rufianic acid, 
Reinecke salts, quinine, picric acid, picrolonic acid, and barium 
salts. 

Mercury salts, such as HgSO, or HgCl, also failed to precipitate 
vitamin H from acid solutions, while in alkaline solutions vitamin 
H was often carried with the mercury precipitate, especially 
when HgCl, was used. It has not been definitely established 
whether this reaction was due to real precipitation of vitamin H 
by the mercury salt or whether vitamin H was simply adsorbed. 
The fact that, in highly purified concentrates, vitamin H remained 
in the filtrate, even after treatment with H.SO, in alkaline solu- 
tion, speaks rather in favor of the second alternative. Similar 
but rather inconsistent results were obtained by fractionated 
precipitation with silver salts. Here again vitamin H was pre- 
cipitated only when the silver salt was used in an alkaline solution. 
In order to decompose the mercury or the silver precipitates, 
H,S should be applied only in a warm acid solution, as vitamin H 
is readily adsorbed on the sulfides at room temperature. 

Precipitation of vitamin H from purified solutions by means 
of gold chloride proved unsuccessful in direct analogy to the 
behavior of vitamin H toward phosphotungstic acid as precipitant. 
In spite of several attempts, no other, precipitant has been found 
that produced results in purified solutions. By eliminating inert 
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impurities from solutions containing vitamin H, however, pre- 
cipitation by these or similar agents is a useful procedure in the 
purification of vitamin H. 


After evaporation of 1350 ml. of K-493 (see above) under reduced pres- 
sure to 20 ml., the concentrate was treated with 100 ml. of ethyl alcohol. 
This treatment was repeated twice with the filtrates produced, the filtrate 
having been concentrated each time to a few ml. The last filtrate was 
evaporated to dryness and extracted with hot ethyl alcohol. After 1.1 
gm. of the dry alcoholic extract were dissolved in water and filtered, the 
solution (K-503) contained 1 rat day dose in 0.25 mg. = 1.75 gm. of liver 
powder. 

K-525—After treatment of K-503 with a saturated solution of picric 
acid, the filtrate was acidified with HCl and extracted with ether. Phos- 
photungstic acid was added and activity was found only in the filtrate 
(K-525). 1 rat day dose was contained in 0.1 mg. of organic dry residue 
= 2.8 gm. of liver powder. 

K-640—For further purification, HgCl, was added in slightly alkaline 
(Na,CO;) solution. The precipitate was dissolved in HCl and the solu- 
tion treated with H.S at high temperature. Of the preparation obtained 
(K-540), 1 rat day dose corresponded to 30 to 40 y of the total organic solids 
(= 4 to 5 gm. of liver powder). 


Vitamin H can be extracted from papain digests of liver powder 
with butyl alcohol by Dakin’s method or with propyl alcohol, but 
both procedures have not, on the whole, appreciably improved 
the grade of purification. 


K-214, which represented a papain digest of liver powder, with 1 rat 
day dose = 75 mg. of liver powder, was treated with butyl aleohol. The 
extract obtained (K-222) was active in doses corresponding to 0.15 gm. 
of liver powder. 

K-220, representing another papain digest (1 rat day dose per 32 mg. 
of organic dry residue = 80 mg. of liver powder), was treated (a) with 
butanol (K-231) and (6) in a second sample with propyl aleohol (K-228). 
1 rat day dose of K-231 (containing 40 mg. of organic dry residue) = 400 
mg. of liver powder, while 1 rat day dose of K-228 (containing 30 mg. of 
organic dry residue) = 200 mg. 


Other Chemical Reactions 


Several attempts at molecular distillation and esterification 
of vitamin H, according to the method of E. Fischer, failed. 
Important clues to the general chemical characterization of 
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vitamin H are given in the following reactions, which have been 
tested repeatedly with concentrates obtained from liver powder 
as well as from yeast. 

1. Benzoylation inactivated vitamin H both in crude and in 
purified preparations. All efforts at restoring activity in these 
benzoylated products, such as saponification at high or low tem- 
perature in various solutions, were unsuccessful. 

2. Treatment with formaldehyde, nitrous acid, and with ketene 
led to inactivation of vitamin H. 

3. Oxidation of vitamin H with H,O, impaired its activity 
in several concentrates, although not consistently. 

4. In papain digests of liver powder or in yeast autolysates, 
especially after hydrolysis with H.SO,, vitamin H proved to be 
freely dialyzable. 

Discussion concerning the importance of these results and 
their implications must be deferred until pure vitamin H becomes 
available. 


Preparation of Vitamin H Concentrates of High Purity from Yeast 


The procedures used for papain digests or autoclaved hydroly- 
sates of liver powder can be applied with equal success to yeast 
autolysates. As the vitamin H activity of liver and of yeast is 
in a relation of about 1:5 (7), it is not surprising that the total 
residue of organic solids is higher in yeast concentrates than in 
liver preparations of the same purity. This relationship was not, 
however, 5:1, as was expected, but was even more unfavorable 
in yeast preparations. The inference to be made from this fact 
is that for purification purposes yeast is not so suitable as liver 
as the source of vitamin H. 


K-462, representing a yeast autolysate adsorbed on charcoal and eluted 
with a pyridine-methanol-water mixture, was treated with phosphotung- 
stic acid. The precipitate was decomposed with Ba(OH), and the solution 
was treated with gold chloride in the manner described for the preparation 
of vitamin H from liver powder, given in K-493. The decomposed gold 
salt, dissolved in water, was reprecipitated with phosphotungstic acid. 
The vitamin H activity was found in the precipitate. This was again 
decomposed and then fractionated with ethyl alcohol. 1 rat day dose of 
the filtrate (K-535) contained 2 mg. of organic dry residue = 5 gm. of yeast. 
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Precipitation of vitamin H by means of HgCl, in alkaline 
solution (cf. above) from K-535 led to further purification (K-623), 
with 1 rat day dose in 1 mg. of the decomposed precipitate. 

A final precipitation with phosphotungstic acid (K-640) raised 
the purification by another 50 per cent, 1 rat day dose being 
contained in 0.5 mg., corresponding to 12 mg. of dry yeast. The 
activity was still in the precipitate. 

This result of 1 rat day dose in 0.5 mg. of the precipitate com- 
pares favorably with results obtained with untreated dry yeast 
(7), when the unit was found in from 300 to 500 mg. of yeast. 


SUMMARY 


1. In contrast to yeast, liver appears to be devoid of the enzyme 
mechanism which, during autolysis, liberates vitamin H from the 
compound of higher molecular weight in which it occurs. Diges- 
tion with papain and autoclaving at high pressure, in combination 
or each by itself, with or without the addition of acid, have proved 
satisfactory procedures for the liberation of vitamin H from a dry 
liver powder which remained after the removal of the liver extract 
in the commercial preparation of campolon. 

2. Methods are described by which concentrates of vitamin H 
have been regularly obtained, even in experiments conducted on 
a large scale. In these concentrates, 1 rat day dose was contained 
in 0.5 mg. of organic dry residue, which corresponds to 75 to 100 
mg. of the original liver powder. Further chemical purification 
of these concentrates lowered the rat day dose in special experi- 
ments to from 30 to 40 y of organic dry residue. 

3. Experiments are reported which show the chemical behavior 
of vitamin H in preparations with varying degrees of purification. 
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PHYSICOCHEMICAL PROPERTIES OF THE FACTOR 
(VITAMIN H) CURATIVE OF EGG WHITE INJURY* 


By T. W. BIRCHt anp PAUL GYORGY? 


(Received for publication, August 10, 1939) 


In the first papers (1, 2) of this series, experimental data have 
been presented which show that the curative factor (vitamin H) 
for egg white injury is insoluble in water in its natural state as 
found in liver, kidney, and yeast, and may be considered part 
of a compound of greater molecular weight. Proteolytic diges- 
tion with pepsin or, for better results, with papain, and hydrolysis 
at high pressure are the most satisfactory procedures for the libera- 
tion of vitamin H, as they convert it into a water-soluble, di- 
alyzable form. Water solutions of vitamin H thus obtained 
can be inactivated by treatment with formaldehyde, nitrous acid, 
benzoyl chloride, and ketene (2). 

All these facts suggest strongly, although on the basis of cir- 
cumstantial evidence only, that vitamin H may be a protein 
breakdown product with a free amino group and may even be 
an amino acid. In view of these possibilities, it was expected 
that the behavior of vitamin H on electrodialysis would throw 
some light on its physicochemical properties and, in particular, 
would decide whether it exhibited acidic, basic, or ampholytic 
properties. 

Previously (3) it has been shown that vitamin Bs was only 
partially soluble in water in its natural state but could be rendered 


* The experiments reported here were carried out from 1934 to 1935 
in the Nutritional Laboratory, Medical Research Council and University 
of Cambridge, Cambridge, England. 

t Research Fellow in Biochemistry (mm the Department of Medicine), 
Western Reserve University, Cleveland, and Beit Memorial Research 
Fellow. Dr. Birch died on October 6, 1939. 

t Now at the Babies and Childrens Hospital, and the Department of 
Pediatrics, School of Medicine, Western Reserve University, Cleveland. 
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soluble by autolysis. Evidence was also brought forward which 
indicated that it did not contain a free amino group but migrated 
to the cathode on electrodialysis, exhibiting, therefore, basic 
properties. 


EXPERIMENTAL 


The apparatus used for the electrodialysis experiments was 
similar to that described by Williams and Waterman (4). It 
consisted of an ebonite cell divided into ten compartments by 
nine parchment paper membranes. The center compartments 
held volumes of about 90 ml. each, while the anode and cathode 
each held 200 ml. Platinum electrodes were employed, generally 
with a potential difference of 50 volts. 

In performing an electrodialysis experiment of this kind, it is 
necessary to use a concentrate of the vitamin which is free from 
large amounts of ionizable impurities. If such impurities are 
present, a large current is passed, and high concentrations of 
acid and alkali are formed at the anode and cathode. Under 
these conditions, instead of a gradual rise in pH between the 
anode and cathode, an abrupt change in pH is obtained, which 
renders impossible an accurate determination of the isoelectric 
point of the ampholyte. In our experiments we have been careful, 
therefore, to use only concentrates of varying degrees of purifica- 
tion which contained, however, a low concentration of electro- 
lytes. 

At the beginning of an experiment the solution of vitamin H 
was either distributed equally in all ten compartments or placed 
only in the eight center compartments; occasionally it was placed 
only in the anode and cathode compartments. Electrodialysis 
was then carried out for from 20 to 48 hours. The current at 
the beginning of an experiment was usually about 0.1 ampere, 
but it regularly fell during the experiment to 25 or only a few 
milliamperes. 

After electrodialysis the solutions in the separate compartments 
were removed. The fluid volume and pH of each solution were 
determined and samples of each were tested biologically for 
vitamin H activity. 

From the results obtained in six experiments, two of which 
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are summarized in Tables I and II,’ it is evident that the activity 
of vitamin H collects in the compartments which have pH values 
between 2 and 4; the optimum amount collects between pH 3 
and 3.5. This fact indicates that the active substance is an 
ampholyte which has an isoelectric point between pH 3 and 3.5. 


TaBLe I 


Electrodialysis Experiment 1, with Preparation H-139* Containing about 
4000 Rat Day Doses (1 Unit in 0.5 Mg. of Organic Solids) 




















Final Found 
Compartment No. | — ; ~ | nee a oe end 
| pH Volume Per ml pian a 
faa mi. units units 
1 (Cathode) | >8.0 174 0 0 
2 | 4.8 36 0 0 
3 4.3 36 2 70 
4 3.8 38 5 200 
5 3.5 | 37 27 1000 
6 3.0 37 20 750 
7 2.6 40 13 525 
s 2.3 38 i) 350 
9 2.0 43 3 125 
10 | 1.8 142 0 0 
TWatel Me. of waits seOONOR.: . oc os dcdicadccadecdeoscd 3020 








* H-139 was prepared from liver powder by initial autolysis followed 
by digestion twice with papain for 10 hours each time, treatment with lead 
acetate, adsorption on charcoal, and elution with a pyridine-methanol 
mixture. The eluate was then hydrolyzed with H,SO,, treated with phos- 
photungstic acid, and the precipitate decomposed with Ba(OH),. To the 
filtrate 2 volumes of acetone were added and the extraction with acetone 
was repeated once. H-139 represents the acetone filtrate, 4000 units of 
which were placed in Compartments 2 through 9, 45 ml.in each. Both the 
anode and cathode were filled with 150 ml. of water. The duration of elec- 
trodialysis was 20 hours. 


It is not very profitable to speculate on the type of ionizable 
groups present in the vitamin H molecule which cause it to have 
such an isoelectric point, as several alternatives exist. It is 
possible, for instance, that two or three acidic groups are present 


1 Owing to space limitation, two experiments instead of six are pre- 
sented. 
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to one basic group, or there may be only one strong acidic group 
present to one weak basic group. 

It is interesting to note that by electrodialysis alone it is possible 
to purify solutions of vitamin H so that the amount of solids 
present in 1 unit may be reduced to one-fifth the amount originally 
present. For instance, in Experiment 4, 1 rat day dose repre- 


Tasie II 


' Electrodialysis Experiment 6, with Preparation H-250* Containing about 


4000 Rat Day Doses (1 Unit in 1.15 Mg. of Organic Solids) 






































Final Found 
Compartment No. - rare Solids 
pH | Volume | Per ml. | pA 
ml. units units mg. per unit 
1 (Cathode) >10.0 130 0 0 0 
2 10.0 108 0 0 0 
3 6.8 75 0 0 0 
4 4°8 78 0 0 0 
5 4.3 81 6 500 0.5 
6 3.8 81 12 1000 0.25 
7 3.1 81 12 1000 0.32 
s 2.3 78 5 400 0.8 
9 2.0 76 5 400 1.5 
10 1.6 162 0 0 0 
Total No. of units recovered..................... 3300 





* H-250 was prepared from liver powder by the same procedure used for 
H-139 in electrodialysis Experiment 1, with the difference that the water 
solution of the decomposed phosphotungstate was treated with 6 times its 
volume of ethyl alcohol. The resulting filtrate was then concentrated to 
half its volume and treated with 6 times its volume of acetone. H-250 
represents the acetone filtrate. 4000 units were distributed equally in the 
eight center compartments. The duration of electrodialysis was 24 hours. 


sented 0.4 mg. of solids in Compartment 5 (at pH 3) as compared 
with 2.4 mg. of the original concentrate. Corresponding values 
were the following: Experiment 5, 0.17 mg. in Compartment 6 
(at pH 3.4) as compared with 0.8 mg.; Experiment 6 (Table IT), 
0.25 mg. in Compartment 6 (at pH 3.8) as compared with 1.15 mg. 
It is also noteworthy that during electrodialysis no appreciable 
loss in potency occurred, and recovery after electrodialysis of 
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almost the whole amount of vitamin H used for the procedure 
was generally possible. 

The acidic properties of vitamin H, as revealed on electro- 
dialysis, suggest the possibility that the active principle may be 
precipitated by alkaloids, according to Dakin’s method. Using 
quinine, strychnine, and brucine, we were unable, however, to 
verify this assumption. When concentrates were treated with 
these reagents, either before or after electrodialysis, vitamin H 
always remained in the filtrate. 

In subsequent experiments it has been shown that vitamin H is 
soluble in absolute ethyl alcohol and in glacial acetic acid. Vita- 
min H is also not precipitated by ether, benzene, or ethyl acetate 
from alcoholic solution of purified concentrates with a rat day 
dose less than 0.5 mg. of organic dry residue. On the other hand, 
addition of barium salts at a pH greater than 5 or of calcium salts 
(for example, Ca(OH):) at a pH greater than 8 renders vitamin H 
insoluble in ethyl aleohol. The sodium salt of vitamin H is always 
soluble in ethyl alcohol. By means of a combination of these 
reactions, we were able to lower the content of total solids present 
in 1 rat day dose to 25 micrograms. In parenteral administration 
the minimum dose did not exceed 4 to 7 micrograms; the relation- 
ship between oral and parenteral doses was as 5:1 (5). The 
behavior of vitamin H in the presence of Ba, Ca, and Na is a 
further, although again only indirect, proof of its acidic character. 
Water solutions of vitamin H, of the highest purity obtained by 
these methods, have proved unstable, however, and have often 
lost their activity in from 4 to 6 weeks, from causes which could 
not be determined. 

In elementary analysis one of our most potent concentrates, 
in which the unit was 5 micrograms by parenteral injection, was 
found to be free from sulfur and phosphorus. 

Even the most active concentrates were gum-like, had a brown- 
ish color, and were amorphous and not crystalline. 


SUMMARY 


By means of electrodialysis the factor (vitamin H) curative 
of egg white injury in rats was found to have an isoelectric point 
between pH 2 and 4. The actual value of the isoelectric point 
appeared to be between pH 3 and 3.5. Thus the factor is an 
ampholyte which exhibits acidic properties. 
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Attempts at precipitation by means of various alkaloids were 
not successful. 

The sodium salt of vitamin H is soluble in absolute ethyl al- 
cohol, while the addition of Ba(OH). or of Ca(OH), renders the 
active principle insoluble in ethyl! alcohol. 


The authors wish to acknowledge the interest and kind hos- 
pitality of Dr. L. J. Harris, Director of the Nutritional Laboratory, 
and the courtesy of Professor R. Kuhn in whose laboratory the 
elementary analysis was carried out. 


BIBLIOGRAPHY 


1. Gyérgy, P., J. Biol. Chem., 181, 733 (1939). 

2. Gyérgy, P., Kuhn, R., and Lederer, E., J. Biol. Chem., 131, 745 (1939). 

3. Birch, T. W., and Gyérgy, P., Biochem. J., 30, 304 (1936). 

4. Williams, R. R., and Waterman, R. E., Proc. Soc. Exp. Biol. and Med., 
27, 56 (1929-30). 

5. Gyérgy, P., in Pfaundler, M., and Schlossmann, A., Handbuch der 
Kinderheilkunde, Berlin, 4th edition, 10, 58 (1935). 























LETTERS TO THE EDITORS 





THE CATALYTIC ACTION OF MILK FLAVOPROTEIN IN 
THE OXIDATION OF REDUCED DIPHOSPHO- 
PYRIDINE NUCLEOTIDE (COZYMASE) 


Sirs: 


One of us' has recently obtained from cow’s milk a flavoprotein 
preparation which possesses a high xanthine oxidase activity. 
We have now tested this preparation for its ability to catalyze 
the oxidation of reduced diphosphopyridine nucleotide* and find 
that it is also active in this capacity. At pH 7.2 the rate of 
reduction of methylene blue by reduced diphosphopyridine 
nucleotide is increased 20- to 30-fold by the presence of a small 
amount of the flavoprotein preparation. The amino acid oxidase 
flavoprotein is inactive under similar conditions. The reduced 
diphosphopyridine nucleotide which alone shows no measurable 
oxygen uptake consumes slowly the theoretical amount of oxygen 
in the presence of the milk flavoprotein. A comparison of hypo- 
xanthine and reduced diphosphopyridine nucleotide as substrate 
at equivalent concentrations and under identical experimentai 
conditions shows that hypoxanthine reduces methylene blue 15 
to 20 times more rapidly than the reduced dinucleotide in the 
presence of the milk flavoprotein preparation. This is in agree- 
ment with the finding that diphosphopyridine nucleotide does not 
function as a coenzyme of xanthine oxidase. Corran and Green*® 
who have recently described a flavoprotein obtained from milk, 
capable of catalyzing the oxidation of reduced diphosphopyridine 
nucleotide but not able to function as xanthine oxidase, are now 
reported by Dixon‘ to have obtained a flavoprotein from milk 
with the dual properties described here. 


1 Ball, E. G., J. Biol. Chem., 128, 51 (1939). 

* We are indebted to Professor Otto Warburg for the sample of diphos- 
phopyridine nucleotide employed. 

* Corran, H. 8., and Green, D. E., Biochem. J., 32, 2231 (1938). 

* Dixon, M., in Luck, J. M., Annual review of biochemistry, Stanford 
University, 8, 6 (1939). 
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We have made use of the catalytic action of the milk flavopro- 
tein to equilibrate reduced diphosphopyridine nucleotide with 
various oxidation-reduction indicators. The dyes were used in 
the oxidized form, their final concentration being one-third that 
of the reduced pyridine nucleotide, which was 1 X 10-*m. Equi- 
libration was carried out in evacuated Thunberg tubes at pH 
7.2 and 25°. Methylene blue (Z’5 = +0.004 volt), indigodisul- 
fonate (E’) = —0.134 volt), and phthiocol (Z’) = —0.198 volt) 
were completely reduced under these conditions. Phenosafranine 
(E’, = —0.258 volt) was about 80 per cent reduced and safranine 
T (2’, = —0.295 volt) about 25 per cent reduced. Hypoxanthine 
(E’, = —0.40 volt) at a concentration of 0.5 X 10-* m and under 
similar experimental conditions reduced all of the above indicators. 
The diphosphopyridine nucleotide system would, therefore, 
appear from these experiments to possess an HE’, at pH 7.2 that 
lies somewhere in the vicinity of —0.26 volt. Previous values® 
assigned to this system from its equilibration with systems in 
which it acts as a coenzyme have ranged from —0.27 to —0.35 
volt at pH 7.2. 


Department of Physiological Chemistry Eric G. Bau 
Johns Hopkins University PavuLINe A. RAMSDELL 
School of Medicine 
Baltimore 


Received for publication, November 18, 1939 


5 Green, D. E., and Dewan, J. G., Biochem. J., 31, 1069 (1937). Clark, 
W. M., J. Appl. Physic., 9, 97 (1938). Schlenk, F., Hellstrém, H., and von 
Euler, H., Ber. chem. Ges., 71, 1471 (1938). 
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Lipid(s): Blood cell, red, lipemia, 
diabetic and _ alimentary 
(Rusty) 691 
— plasma, lipemia, diabetic 
and alimentary (Rusty) 


691 
Leprosy bacillus (Geiger and 
ANDERSON) 539 


—-—, polysaccharide (ANDER- 
son and CreigutTon) 549 
Tubercle bacillus, chemistry 
(GeigeR and ANDERSON) 
539 
(ANDERSON and CREIGHTON) 
549 
blood 
and 


Lipoid: -Thiocyanate, 
serum (RosENBAUM 
LAVIETES) 663 

Liver: Amino acid autolysis 
(Luck, Evpin, and Nimmo) 

201 

d-Amino acid oxidase, thyroid 
feeding effect (KLEIN) 139 
Bile, choline, free (JoHNsTon, 
Irvin, and WALTON) 425 
—, phospholipid (JoHnstTon, 
Irvin, and WaLTon) 425 
Glycogen, age effect (Hery- 
MANN and Mopic) 297 
—, fasting effect (HeYMANN 


and Moptic) 297 
Protein autolysis (Luck, 
Evp1n, and Nimmo) 201 


Lysine: Protein hydrolysates, iso- 
lation (Rice) 1 
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M 
Manometer: Metabolism study 
(SuMMERSON) 579 
Metabolism: Apparatus, ma- 
nometer (SUMMERSON) 579 


Metanephros: Fetus, cytochrome 
oxidase-cytochrome system, 
oxidation-reduction poten- 
tials (FLEXNER) 703 

Methemoglobin: Blood, sulf- 
anilamide administration 
effect (WENDEL, WENDEL, 
and Cox) 177 

-Hemoglobin system, oxida- 
tion-reduction potentials 
(TayLor and Hastings) 


649 

Methionine: (Ko_s and Torn- 
NIES) 401 
Color reaction (Kotsp and 
TOENNIES) 401 


Homocystine replacement of, 
choline effect (pu VIGNEAUD, 


CHANDLER, Moyer, and 

KEPPEL) 57 

Insulin, presence (pu 

VieneEAuD, MILLER, and 

RoppEN) 631 

Methylcholanthrene: Growth 
effect (Wuire and WuiTe) 

149 

Methylglycine: N-, hippuric 


acid synthesis, availability 
(AsBort and Lewis) 479 
Methyltryptophane: N-, acetyl, 
growth effect (Gorpon, 
CanILL, and Jackson) 189 
Milk: Flavoprotein, diphos- 
phopyridine nucleotide, re- 
duced, oxidation, effect 
(Battand RaMspELL) 767 








Index 


Muscle: Carbonic acid dissocia- 
tion constant, first (DANIEL- 
son, Cuvu, and Hastin@s) 


243 
Glycogen, age effect (HEYMANN 
and Mopic) 297 


—, fasting effect (HEYMANN 
and Mopic) 297 
See also Heart 


N 


Nephrectomy: Body electrolyte 
distribution, dehydration 
and hydration, effect 
(CHANUTIN and LupEwie) 

519 

— water distribution, dehydra- 
tion and hydration, effect 
(CHANUTIN and LupEwia) 
519 

Coenzyme I, 
tissue, animal, effect 
(AXELROD, MApDEN, and 
ELVEHJEM) 85 

Nitrate(s): Determination, micro- 
(Borsook and DuBNoFF) 

163 

See Amino 


Nicotinic acid: 


Nitrogen: Amino. 
nitrogen 
Isotope, creatine-creatinine 
metabolism, study with 
(Biocx and ScHoENHEIMER) 
111 
—, d-phenylaminobutyric acid 
inversion, use in study (pu 
ViGNEAUD, Coun, Brown, 
In1sH, SCHOENHEIMER, and 
RITTENBERG) 273 


—, l-phenylaminobutyric acid 
acetylation, use in study (pu 
VIGNEAUD, Conn, Brown, 

_Irtsn, ScHoENHEIMER, and 
RITTENBERG) 


273 
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Nitrogen— continued: 

Total, determination, micro- 

(Borsook and DuBNoFrF) 
163 
Nucleotide: Diphosphopyridine, 
reduced, oxidation, milk 
flavoprotein action (BALL 
and RAMSDELL) 767 

oO 

Oxidase: d-Amino acid, liver, 
thyroid feeding effect 
(KLEIN) 139 


Cytochrome-, cytochrome, sys- 
tem, oxidation-reduction po- 
tentials, fetus metanephros 
(FLEXNER) 

Cytochrome, tissue, animal, 
determination and distribu- 


tion (Storz) 555 | 
P 
Peptide(s): Bonds, lactoglobulin, 
crystalline, determination | 
(Horcukiss) 387 


Determination, micro- (Bor- | 


sook and DuUBNOFF) 163 
Phenylaminobutyric acid: d-, in- 
version, hydrogen isotope 
use in study (pu VIGNEAUD, 
Coun, Brown, IRISH, 
SCHOENHEIMER, 
TENBERG) 273 
, —, nitrogen isotope use in 
study (pu VIGNEAUD, 
Coun, Brown, IRISH, 
SCHOENHEIMER, and Rir- 
TENBERG) 273 


l-, acetylation, hydrogen 


isotope use in study (pu 
VicgNEAUD, Conn, Brown, 
Irn1sH, SCHOENHEIMER, and 
RITTENBERG) 


273 


and Rit | 


| 
| 
| 
| 


703 | 
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Phenylaminobutyric acid—con- 
tinued: 

l-, acetylation, nitrogen isotope 
use in study (pu VIGNEAUD, 
Coun, Brown, Irisu, ScHo- 
ENHEIMER, and RITTENBERG) 

273 

Phosphatide(s): Proteins, basic, 
compounds between (CHaAR- 
GAFF and Zirr) 25 
Phospholipid(s) : Bile, _—gall- 
bladder (Jounston, Irvin, 
and WALTON) 425 

—, hepatic (Jonnston, Irvin, 

and WaALTon) 425 

Phosphorus: Heart (ALBURN and 
MYERs) 713 
Polysaccharide(s) : Hexoses, iden- 
tification and determination, 
carbazole method (GuRIN 
and Hoop) 211 

Leprosy bacillus, lipids (AN- 

DERSON and CREIGHTON) 
549 
Pregnancy: Urine allopregnanol- 
3(8)-one-20, isolation 
(Hearp and McKay) 371 
~, androstanol-3(8)-one, iso- 
lation (Hearp and McKay) 
371 
Protein(s): Basic, phosphatides, 
compounds between (CHAR- 
GAFF and ZirF) 25 

Flavo-, milk, diphosphopyri- 
dine nucleotide, reduced, oxi- 
dation, effect (Batt and 
RAMSDELL) 767 

Hydrolysates, lysine isolation 

(Rice) 1 


Liver, autolysis (Luck, Evprn, 


and Nimmo) 201 
Metabolism (BLocu and 
ScHOENHEIMER) 111 
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Protein(s)— continued: 
Metabolism, fasting effect 
(CHAMBERS, CHANDLER, and 
BARKER) 95 | 
Solutions, carbonic acid dis- 
sociation constant, first 
(DANIELSON, Cuu, = and 
HAsTINGs) 243 


Total, blood serum, determina- | 
tion, biuret reaction (K1NGs- | 


LEY) 197 
Pyloric obstruction: Blood cell 
electrolyte equilibrium, di- 
phosphoglyceric acid rdle 
(Rapoport and GugEst) 


Pyrene: Growth effect (WHITE 
and WuiteE) 149 
Pyridine: Diphospho-, nucleo- 
tide, reduced, oxidation, 
milk flavoprotein action 
(Batt and RaMSDELL) 767 


Q 


Quinone: Benzo-, series, vitamin 
K activity (ANSBACHER and 
FERNHOLZ) 399 

a-Toco-, vitamin E, relation 

(Emerson, Emerson, and 

Evans) 409 
R 


Riboflavin: Foodstuffs, 


675 


deter- | 


| 
| 
| 
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Steroid(s)— continued: 
Estrogenic, estrogenic 
stances, 


sub- 
determination, 
Kober reaction use (BAcH- 


MAN) 455 
Sugar(s): Metabolism (CLARKE, 
Soikot, and Coritey) 135 
Sulfanilamide: Blood effect 
(WENDEL, WENDEL, and 
Cox) 177 

T 


Thiamine: Absorption 

(MELNICK) 615 

Reduction products, absorp- 
tion spectra (MELNICK) 

615 

Thiocyanate: Blood serum, de- 

termination, thiocyanate 

salts, administration effect 
(GinsBuRG and BENottT!) 

503 

Lipoid-, blood serum (RosEN- 

BAUM and LAVIETEs) 663 


spectra 


| Thiocyanate salt(s): Blood serum 


| 
| 
| 


mination, fluorometric (Hop- | 


son and Norris) 
See also Vitamin Be 


Ss 
Sex: 


influence (GRAYMAN, NEL- 
son, and Mrrsky) 121 


Steroid(s): (Hearp and McKay) 
371 


621 


Acetone body utilization, | 


| 
| 


| 


thiocyanate determination, 
administration effect (GINs- 


BURG and BENoTT!) 503 
Thyroid: Liver d-amino acid 
oxidase, feeding effect 
(KLEIN) 139 
Thyroxine: Determination, 
photometric (Branp and 
KASSELL) 489 
Tocoquinone: a-, vitamin E, 
relation (EMERSON, EMER- 
son, and Evans) 409 
Tryptophane: Determination, 
photometric (Branp and 
KASSELL) 489 
N-Methyl-, acetyl, growth 


effect (GorvoN, CAHILL, and 
JACKSON) 189 
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Subjects 


Tubercle bacillus: Lipids, chem- 
istry (Geiger and ANDER- 


SON) 539 
(ANDERSON and CREIGHTON) 
549 


Tyrosine: Determination, photo- 
metric (BrRanp and Kas- 
SELL) 489 

Diiodo-, determination, photo- 
metric (Branp and Kas- 
SELL) 489 


U 


Urine: Pregnancy, allopregnanol- 
3(8)-one-20 
(Hearp and McKay) 371 

—, androstanol-3(8)-one iso- 
lation (Hearp and McKay) 
371 

Vv 


Vitamin(s): A and Ag, structures, 
comparison (Gray) 317 

Be. See also Riboflavin 
C, rat, copper and organic 
substances, effect (SvIRBELY) 
233 


See also Ascorbic acid 


E, a-tocoquinone, relation 
(EMERSON, Emerson, and 
Evans) 409 


H, foodstuffs (Gyérey) 733 
—, isolation (Grérey, KuHN, 


isolation | 





745 | 


and LEDERER) 
—, physicochemical properties | 
(Brecu and Gyérey) 761 | 
—, yeast (Grérey) 733 | 


K activity, benzoquinone series 
(ANSBACHER and FERNHOLZ) 
399 
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Vitamin(s)— continued: 
K, absorption spectra (Ew1ne, 
VANDENBELT, and Kamm) 


345 
, constitution (MacCorquo- 
DALE, CHENEY, BINKLEY, 


Hoicoms, McKer, THayer, 


and Dorsy) 357 

K;-related compounds, ab- 
sorption spectra (Ewine, 

VANDENBELT, and Kamm) 

345 

K,, synthesis (MacCoraqvuo- 
DALE, CHENEY, BINKLEY, 

Ho.tcoms, McKee, THayer, 

and Dotsy) 357 


Ke, absorption spectra (EwIna, 
VANDENBELT, and Kamm) 
345 
—, isolation (McKesr, Brnx- 
LEY, THAYER, MacCorquvuo- 
DALE, and Dotsy) 327 
Ke-related compounds, ab- 
sorption spectra (EwIne, 
VANDENBELT, and Kamm) 
345 


Ww 


Water: Body, distribution, 
dehydration and _  hydra- 
tion, nephrectomy effect 
(CHanutTin and LupEwie) 

519 
Y 


Yeast: Egg white injury curative 
factor (Grérey) 733 
Vitamin H (Gyrérey) 733 
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